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The incorporation of nanoscience and nanotechnology into the field of 
catalysis has become a remarkably powerful tool to understanding reaction 
mechanisms of many current industrial catalysts and designing next-
generation catalysts with excellent selectivity and performance. In this thesis, 
we report preparation of different nanomaterials for catalytic applications that 
may shed some lights in the environmental, energy and chemical industries. 
Chapter 1 begins with a general insight about the mechanisms of nucleation 
and particle growth of nanostructures, followed by a brief introduction to 
different types of wet chemical approaches for scalable synthesis of 
nanomaterials. Topics in nanocatalysis along with factors influencing the 
catalytic properties of nanomaterials have also been covered. 
In Chapter 2, we have demonstrated preparations of rhenium (Re) 
nanoparticles by pulsed-laser decomposition of ammonium perrhenate 
(NH4ReO4) or dirhenium decacarbonyl (Re2(CO)10) in the presence of 3-
mercaptopropionic acid (MPA) as capping agent, in both aqueous and organic 
media. Interestingly, preliminary studies showed that the MPA-capped Re 
nanoparticles are capable of catalyzing the isomerization of 10-undecen-1-ol 
to internal alkenols via long chain migration of the C=C double bond at ca. 
200oC. In addition, a one-pot synthesis of graphite-coated Re nanoparticles has 
also been achieved by pulsed-laser decomposition of Re2(CO)10 in the 
presence of PPh3. The formation of the graphite shells is driven by photo-
x 
 
induced catalytic graphitization of the phenyl groups of PPh3 on the surface of 
Re nanoparticles. 
In Chapter 3, a facile synthesis of single-crystalline rhenium trioxide 
(ReO3) nanocubes have been demonstrated for the first time without the need 
of surfactants, via controlled reduction of rhenium (VII) oxide (Re2O7) 
solution sandwiched between silicon wafers at 250°C. The metallic ReO3 
nanocubes exhibit characteristic surface plasmon resonance (SPR) bands down 
to the near infrared (NIR) region, besides showing weak paramagnetism at 
room temperature and magnetic hysteresis at 78K. The ReO3 nanocubes also 
demonstrate high catalytic activity towards visible light-induced 
photodegradation of azo dye under ambient conditions. A plausible 
mechanism has been proposed to account for the photodegradation process. 
In Chapter 4, PVP-capped Ru nanoparticles, prepared via polyol 
reduction of RuCl3·nH2O, have been demonstrated as green and effective 
catalysts for the oxidative coupling of thiols as well as hydrolysis of silanes. 
Turnover numbers (TONs) as high as 165 were achieved in both types of 
dehydrogenative coupling reactions. The catalytic thiol coupling reactions can 
be carried out under aerobic conditions without over-oxidizing the thiols. In 
addition, chemo-selective formation of silanols and hydrogen gas has been 
achieved from the catalytic hydrolysis of silanes, with TOF as high as 220 h−1. 
No disilanols or silyl ethers were detected as by-products.  
In Chapter 5, surface functionalization of Ag nanocubes and 
nanoparticles with catalytically-active ruthenium carbonyl oligomers 
xi 
 
([Ru2(MPA)4(CO)4]n) has been demonstrated. The [Ru2(MPA)4(CO)4]n 
oligomer-capped Ag nanostructures showed rate enhancement as high as 33-
fold towards the catalytic hydrocarboxylation of terminal alkynes as compared 
to the free [Ru2(MPA)4(CO)4]n counterparts. The rate enhancement is 
facilitated by adsorption of substrates on the surface of the nanoparticles, thus 
bringing them into close proximity with the catalyst.  
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Catalysis is of great importance in our daily life, ranging from the 
chemical and manufacturing industries to the biological systems. Food, drugs, 
fuels, plastics and many other household products are made possible with 
catalysis. Over trillion dollars worth of goods are produced with the use of 
catalysts in the United States annually, which is more than the gross domestic 
product of many countries in the world [1].  
In addition, catalysis is an essential process for the regulation and 
function of living systems. Enzymes are nature’s amazing catalysts which 
demonstrate high efficiency and selectivity under mild conditions, such as at 
body temperature and in aqueous environments. Most of the enzymes are 
composed of inorganic nanoclusters surrounded by high-molecular-weight 
proteins with size in the sub-10 nm region [2], thus resembling typical model 
of polymer-stabilized nanoparticles. Recent reports have shown that Fe3O4 and 
CeO2 nanoparticles can serve as enzyme mimetics to natural peroxidases [3-5]. 
On the other hand, in the area of synthetic chemistry, transition metal 
complexes have achieved a remarkable level of performance in terms of 
selectivity [6-9], especially in C–C coupling and metathesis reactions. Yet, 
there are only limited examples of successful industrial applications such as 
Suzuki reaction [10], Reppe syntheses [11], Fischer-Tropsch reactions [12, 13] 
and olefin metathesis [14], due to one intrinsic problem of homogeneous 
catalysis – difficulty in separating the reaction product from the catalyst, and 
from any reaction solvent.  
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Nowadays, many important homogeneous catalysts that are being used 
in the industry utilize biphasic systems or fixation on supports, in order to 
facilitate the separation of reaction products [15]. The bridge between these 
two approaches can be realized through the use of nanomaterials which exhibit 
high catalytic activity under mild conditions on account of their large surface 
area [16-19]. Furthermore, nanocatalysts offer a variety of advantages and 
attractive features over conventional homogeneous and heterogeneous 
catalysts. Their high surface area-to-volume ratio effectively maximizes the 
active sites available, and at the same time minimizes the specific cost per 
function as well as energy usage. 
It is noteworthy that the incorporation of nanoscience and 
nanotechnology into the field of catalysis has become an incredibly powerful 
tool not only to understanding reaction mechanisms of many current industrial 
catalysts, but also to designing next-generation catalysts with excellent 
selectivity and performance [18]. Extensive studies on metal single crystals 
have confirmed that catalytic activity is strongly dependent on the type of 
metal facets used. Through strategic engineering of shape and size of 
nanomaterials, the facets exposed as well as binding energy can be easily 
manipulated [20-22]. Recent advances in wet chemical synthesis of 
nanostructures allow scalable preparations of nanomaterials with well-
controlled size, shape, chemical composition and uniformity [23-26]. 
This chapter aims to provide an insight into: (1) The mechanisms of 
nucleation and particle growth, which are essential in understanding and 
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designing of size- and shape-controlled synthesis of nanomaterials; (2) 
Different types of wet chemical approaches for scalable synthesis of 
nanomaterials; and (3) Nanocatalysis and factors influencing the catalytic 
properties of nanomaterials. 
 
1.1. Background of Nanoscience and Nanotechnology 
One of the earliest nanomaterials known is made of gold. In 1856, 
Faraday prepared colloidal gold by reducing aqueous solution of AuCl4− with 
phosphorus in CS2 [27]. Faraday called the gold nanoparticles “divided state 
of gold”.  
In 1959, the Nobel Prize winning physicist, Richard Feynman’s talk 
entitled “There’s plenty of room at the bottom” [28] spurred the discovery and 
discussion of nanoscience and nanotechnology. He suggested the bottom up 
approach of manipulating things at the atomic level. Ever since then, 
motivated by the excitement of understanding new science and by the 
potential applications along with economic impacts, the world has witnessed 
exponential growth of activities and discoveries in the field of nanoscience 
and nanotechnology during the past few decades. 
The unique and fascinating properties of nanocrystals strongly depend 
on their size, shape and materials. In the case of semiconductors, the change in 
properties is a consequence of quantum confinement of electronic motion to a 
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length scale that is comparable to or smaller than the electron Bohr radius 
which is generally a few nanometers.  
On the other hand, shrinking the size of noble metals to less than 100 
nm, a new and intense absorption can be observed due to collective oscillation 
of electrons in the conduction band from one surface to the other. This 
collective oscillation can interact with visible light in a phenomenon called 
surface plasmon resonance (SPR) [29], which gives rise to vivid and 
characteristic brilliant rose color of Au nanoparticles. 
For transition metals, reducing their size down to the nanoscale 
dramatically increases their surface-to-volume ratio. Together with the ability 
to synthesize nanocrystals with controlled size, shape, morphology and 
chemical composition, transition metal nanomaterials stand out as promising 
candidates in the field of catalysis. 
During the past few decades, the focus has been on the synthesis of 
nanocrystals of different sizes, chemical composition and new shapes. In 
addition, the self-assembly process on the nanometer scale has also been of 
great interest for bottom-up fabrication of functional devices [30]. The 
extensive studies on precise control and manipulation of materials in 
nanoscale have made many potential applications possible, for instance 
biosensors, medical diagnostics, photonics, nanoelectronics, optoelectronics, 
homogeneous and heterogeneous catalysis. 
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1.2. Nucleation and Growth Mechanisms of Nanostructures 
Designing novel nanostructures for potential applications requires 
certain extent of understanding of their surface properties. The quality and the 
morphology of the nanocrystal surfaces play a key role in shaping their 
functions. The surface of a nanoparticle is generally unstable as a result of 
high interfacial energy and large surface curvature. In order to fabricate 
nanocatalysts with desirable size, shape and morphology, it is essential to 
understand the nucleation and growth mechanisms of nanocrystals. 
In any bottom-up synthesis of nanoparticles, the chemical growth of 
nanocrystals inevitably involves precipitation of a solid phase from solution. 
The process of precipitation typically comprises two critical stages: nucleation 
and particle growth [31, 32]. To initiate the nucleation process, a solution has 
to be supersaturated either by (1) dissolving the solute at higher temperatures 
followed by cooling to lower temperatures; or by (2) adding necessary 
reactants to induce supersaturation during the reaction [33, 34].  
Thermodynamically, a supersaturated solution is extremely unstable. 
For spherical particles, the overall free energy change, ΔG, can be represented 
as: 
∆ܩ ൌ െ ସ௏ ߨݎଷ݇஻݈ܶ݊ሺܵሻ ൅ 4ߨݎଶߛ (1.1) 
where V is the molecular volume of precipitated species; r is the radius of the 
nuclei; kB is the Boltzmann constant; S is the saturation ratio; and γ is the 
interfacial energy per unit of surface area.  




Figure 1.1. (a) Illustration depicting the overall free energy ∆G as a function 
of particle size r [23]. Modified with permission from Chem. Rev. 105 (2005) 
1025. Copyright (2005) American Chemical Society; (b) LaMer’s plot 
summarizing the process of generation of atoms, nucleation and subsequent 
growth [26, 35]. Modified with permission from J. Am. Chem. Soc. 72 (1950) 
4847. Copyright (1950) American Chemical Society.  
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ݎ∗ ൌ ଶ௏ఊଷ௞ಳ்௟௡ሺௌሻ (1.2) 
When S > 1, ΔG has a positive maximum at critical size, r*, where 
ௗ∆ீ
ௗ௥ ൌ 0 . Nuclei larger than r* will tend to decrease their free energy by 
forming more stable nuclei, which grow to form particles. For a given value of 
S, all particles with r > r* will grow, whereas those with r < r* will dissolve. 
Based on equation (1.2), the higher the S, the smaller the r* is. 
In general, uniform size distribution can be achieved through a short 
and rapid nucleation period, followed by a slow and controlled self-sharpening 
growth process. After the formation of nuclei, in order to relieve the 
supersaturated stage, the nuclei grow via molecular addition. As the 
concentration drops below the critical level (ܥ௠௜௡௡௨ ), nucleation halts (Figure 
1.1b). The particles continue to grow until the system reaches the equilibrium 
concentration of the precipitated species (ܥ௦ ). Size focusing occurs at this 
stage [33]. 
However, when precursors are depleted, Ostwald ripeningi will take 
place. The larger particles continue to grow at the expense of the smaller ones. 
Size defocusing occurs at this stage. If the reaction is halted immediately at 
this stage, the particles will show a broad size distribution centering in two 
size regimes. Monodisperse size distribution can be achieved if the reaction is 
extended long enough for the smaller particles to deplete completely. 
                                                            
i  Dissolution of small crystals or sol particles and the redeposition of the 
dissolved species on the surfaces of larger crystals or sol particles. 
Chapter 1: Introduction 
9 
 
On the other hand, in spite of molecular addition, particles can also 
grow by agglomeration with other particles. After growing to a stable size, 
particles will grow by aggregation with smaller and unstable nuclei. This 
phenomenon is known as secondary growth. 
In addition, due to high surface tension arisen from their miniature 
sizes, nanoparticles are thermodynamically unstable by themselves. Capping 
agents are generally added to stabilize nanoparticles during the synthesis to 
lower the interfacial energy. A very well-known example is thiol-stabilized 
gold nanoparticles, which utilizes energetically favorable soft-soft interactions 
between thiol and surface gold atoms [36-40].  
Moreover, in order to provide an energetic barrier to counteract the van 
der Waals attractions between nanoparticles, the interaction between the 
capping agents and the solvent has to be favorable [41]. To help recover the 
nanoparticles, different solvents can be used to alter the dispersity of the 
nanoparticles or the reaction rate. 
 
1.3. Wet Chemical Preparation of Nanomaterials 
1.3.1. Chemical Reduction of Transition Metal Cation 
Attributed to their widespread application in catalysis [15, 16, 42-46], 
transition metal nanoparticles have attracted tremendous interest in the past 
few decades. One of the most common and facile preparations of metal 
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nanoparticles is via chemical reduction of metal cation, with reducing agents 
such as solvated borohydrides, hydrazine and H2 gas. 
M௡ା ൅	݊eି → M଴ (1.3) 
In order to faclilitate the electron transfer, the free energy change, ∆G, 
has to be favorable. The standard electrode potential, E°, of the corresponding 
electrochemical half-reaction can serve as a guideline [47]. The 
electrochemical half-reaction and E° of commonly used reducing agents are 
shown as the following: 
2Hା ൅ 2eି → Hଶ E° = 0.00 V (1.4) 
BሺOHሻ3 ൅ 7Hା ൅ 8eି ⇄ BH4ି ൅ 3H2O E° = −0.481 V (1.5) 
N2 ൅ 5Hା ൅ 4eି ⇄ N2H5ା E° = −0.23 V (1.6) 
Therefore, theoretically speaking, any metal cation with an E° more 
positive than −0.481 V can be reduced by borohydrides, provided proper 
control of pH and in the excess of reducing agent. However, practically, this 
does not apply to some metal cations due to their instability in aqueous 
environments. For instance, Rh3+ ions usually form stable complexes with 
hydrazine, thereby limiting their availability for reduction [48].   
On the other hand, galvanic replacement reaction utilizes the electrical 
potential difference between two metals to produce metal or metal alloy 
nanostructures with hollow interiors and porous wall [49].  For instance, Ag-
Pd nanoboxes can be prepared via galvanic replacement using Ag nanocubes 
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as sacrificial templates and Na2PdCl4 as oxidant (Figure 1.2c), since the E° of 
Pd2+/ Pd (0.95 V) is higher than that of Ag+/Ag (0.8 V). The metal salts can be 
replaced by other oxidizing agent such as KMnO4 to give Ag nanoscaffolds 
(Figure 1.2d). 
 
Figure 1.2. TEM images of (a) Ag nanocubes assembly on Ag nanowires 
synthesized via controlled polyol reduction of AgNO3 in the presence of 
polyvinylpyrrolidone (PVP), (b) Au nanowires prepared by chemical 
reduction of Oleylamine-AuCl polymeric strands formed via aurophilic 
interaction, (c) Ag-Pd nanoboxes obtained via galvanic replacement of Ag 
nanocubes with Na2PdCl4, (d) Ag nanoscaffolds fabricated by controlled 
oxidation of Ag nanocubes with KMnO4. 
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Furthermore, alcohols such as methanol and ethanol can also act as 
reducing agents for strongly oxidizing metal cations in a typical wet chemical 
synthesis of metal nanoparticles. Yet, severe particle agglomeration in 
alcohols could lead to the formation of irregularly shaped nanostructures 
together with large size distribution, even in the presence of capping agents.  
Polyalcohols such as ethylene glycol and 1,2-propanediol were found 
to yield relatively more monodispersed nanostructures (Figure 1.2a). Polyols 
not only act as solvent and reducing agent, they also effectively serve as co-
stabilizing agents as well as bidentate chelating ligands for the solvated metal 
cations. Xia et al. had performed extensive studies for the preparations of Ag, 
Pd and Pt nanostructures with various shapes and morphology via polyol 
reduction method [50-61]. Heating ethylene glycol in air results in its 
oxidation to glycolaldehyde, which is responsible for the reduction of noble 
metal ions [52]: 
 (1.7) 
Moreover, the nature of the capping agent can affect the rate of 
molecular addition to the nanocrystals effectively. Strategic selection of 
capping agent allows precise control of the growth rate, thus making the 
manipulation of size and shape of the nanocrystals possible. To achieve a 
smaller average particle size, we can tailor the binding strength and the 
bulkiness of the capping agent by selecting appropriate functional groups. The 
stronger the binding of capping agent to the surface of nanocrystals is, the 
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slower the rate of molecular addition to the nanocrystals, hence resulting in a 
smaller average particle size. Furthermore, bulkier capping agent generally 
introduces greater steric hindrance, which also leads to a slower growth rate of 
nanocrystals.  
In addition, suitable choice of capping agent may assist the assembly 
of metal precursors, leading to shape-controlled synthesis of metal 
nanostructures. Recently, Lu et al. demonstrated preparation of ultrathin Au 
nanowires by reducing polymeric strands of oleylamine–AuCl complexes 
assembled via aurophilic interaction [62]. The aurophilic bonding between the 
organometallic complexes leads to the formation of one dimensional (1-D) 
polymeric chain [63]. Moreover, the van der Waals interactions between the 
alkyl chains of neighboring oleylamines also assist the 1-D assembly of the 
polymeric chain. Subsequent controlled reduction of Au+ to Au0 can therefore 
yield ultrathin Au nanowires (Figure 1.2b). 
Seed-mediated synthesis of Au nanorods is a strategic example for 
shape-controlled preparation of metal nanostructures via chemical reduction of 
HAuCl4 salt [64-66]. This method utilizes micelles as soft templates to direct 
the growth of Au nanorods. The slow and controlled growth rate is governed 
by the autocatalytic surface mechanism, involving positive charge transfer 
from Au+ ions to the Au seed. In a typical synthesis, tiny Au seeds are first 
formed by reducing HAuCl4 with NaBH4, in the presence of 
hexadecyltrimethylammonium bromide (CTAB). A separated growth solution 
is then prepared by reducing AuCl4− with a milder reducing agent, ascorbic 
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acid, to form Au+ ions in micellar solution of CTAB. Finally, the Au seed 
solution is injected to the growth solution to facilitate the particle growth via 
autocatalytic surface mechanism. Au nanorods of different aspect ratios 
ranging from 1.5 to 8.5 can be grown simply by using a binary surfactant 
mixture [64] or by the use of aromatic additives [65]. 
 
1.3.2. Sol Process: Hot Injection Method and Heating-up Approach 
As discussed previously, in order to prepare monodisperse 
nanostructures, a single and short nucleation is required, followed by a slow 
and controlled growth process [67]. Hot injection method was designed to 
achieve this goal (Figure 1.3). This approach has been widely utilized for the 
synthesis of monodisperse semiconductor nanocrystals, for instance CdSe 
nanoparticles and nanorods [68], PbSe nanoparticles [69], CdSe@ZnS core-
shell nanostructures [70], and etc. 
 
Figure 1.3. Typical experimental setup of hot injection method illustrating a 
rapid nucleation process immediately after introduction of metal precursors 
into a hot coordinating solvent, followed by a gradual temperature reduction to 
achieve controlled growth of nanoparticles. 
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Fast injection of reagents into a hot and coordinating solvent induces a 
rapid and temporal burst of nucleation event by raising the concentration of 
precursor above the nucleation threshold. Under elevated temperature, 
reagents are decomposed readily, resulting in supersaturation of particles. As 
long as the rate of precursor addition is slower than that of reactant 
consumption for particle growth, no formation of new nuclei will occur. 
Additional reactants can only add onto the surface of existing nuclei. The 
nanocrystals will become more uniform over time as size-focusing mechanism 
takes place [67, 71, 72].  
Another common wet chemical synthesis of nanostructures is the 
heating-up approach. This method involves controlled ramp of reaction 
temperature from room temperature to reach the supersaturation threshold, 
which is later relieved by a short burst of nucleation [32, 34, 67, 71, 72]. The 
reaction temperature is usually well manipulated to keep the rate of molecular 
addition onto existing nuclei faster than that of reactant consumption. This 
strategy effectively ensures no secondary nucleation event is employed. Thus 
monodisperse nanostructures, such as oleic acid-capped Ag nanoparticles 
(Figure 1.4a) and oleylamine-capped Pt3Re nanoparticles (Figure 1.4b), can be 
obtained.  
The size, shape and quality of the nanocrystals can be tailored by 
controlling various reaction parameters, for instance concentration and choice 
of precursors, together with the reaction duration and temperature. Adjusting 
the molar ratio of capping agent to precursor also enables size control of 
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nanocrystals. High capping agent-to-precursor molar ratio generally favors the 
formation of smaller nuclei, and hence smaller nanocrystal size.   
 
Figure 1.4. TEM images of (a) oleic acid-capped Ag nanoparticles synthesized 
by refluxing silver trifluoroacetate in dibenzyl ether solution in the presence of 
oleic acid, and (b) Oleylamine-capped Pt3Re nanoparticles prepared via polyol 
reduction of PtCl4 and in-situ thermal decomposition of Re2(CO)10 using the 
heating-up method. 
Using the heating-up method, Krämer et al. reported preparation of Fe, 
Ru and Os nanoparticles via thermal decomposition of Fe2(CO)9, Ru3(CO)12 
and Os3(CO)12 respectively in n-butylmethylimidazolium tetrafluoroborate 
([BMim+][BF4−]) [73]. The metal nanoparticles are believed to be stabilized in 
the ionic liquids by the formation of protective ionic shells around them [74].  
On account of different heating profiles between the heating-up 
approach and the hot injection method, different crystal structures may be 
obtained for the same material. Cao and Wang demonstrated one-pot synthesis 
of monodisperse CdS nanocrystals with controlled temperature ramp [75]. The 
resulting CdS nanocrystals possess crystal structure of zinc blende instead of 
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wurtzite, as compared to CdS nanocrystals synthesized using conventional hot 
injection methods [76, 77].  
 
1.3.3. Solvothermal and Hydrothermal Syntheses 
Typically, solvothermal synthesis is conducted in a sealed stainless 
steel autoclave (Figure 1.5a), where solvents can be heated to temperatures 
well above their boiling points by the increase of autogenous pressures [78]. 
Solvothermal synthesis has been widely applied for the preparation of zeolite 
materials [79]. In the case for which the solvent is water, this technique is 
called hydrothermal synthesis.  
Solvothermal synthesis utilizes a solvent under elevated pressure and 
temperature, either above or below its critical point, to increase the solubility 
of a solid as well as to enhance the rate of reaction [80]. For instance, above 
the critical point of 374°C and 218 atm, supercritical water exhibits 
characteristics of both liquid and gas. The zero surface tension at the solid-
supercritical fluid interfaces and high viscosity of supercritical fluids allow 
dissolution of chemical compounds that exhibit significantly low solubility 
under ambient conditions. 
By selecting suitable precursors, solvents and surfactants, the growth 
dynamics of nanocrystals can be modulated. In addition, by tuning the reaction 
temperature, pressure, reaction duration and volume of the sealed autoclave, 
high quality nanocrystals can be obtained. The products of solvothermal 
synthesis are generally crystalline. No post-annealing treatments are required. 
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Figure 1.5b shows SEM image of self-assembled crystalline WO3 nanorods 
obtained via a facile hydrothermal synthesis.  
 
Figure 1.5. (a) Illustration depicting a typical autoclave setup for solvothermal 
synthesis of nanostructures. (c) SEM image of WO3 nanorods obtained via 
hydrothermal synthesis. 
Li et al. demonstrated a one-pot solvothermal synthesis of metal ion 
(Sn4+, Fe3+, Co2+ and Ni2+)-doped TiO2 nanoparticles and nanorods via 
hydrolysis of Ti(OBu)4 in cyclohexane  [81]. Under solvothermal conditions, 
the reaction temperature can be raised to 150°C or above, which is much 
higher than the boiling point of cyclohexane (around 81°C). As a result, highly 
crystalline metal ion-doped TiO2 nanorods can be obtained. 
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1.3.4. Laser Ablation/ Irradiation Induced Formation of Nanostructures 
The term “Laser” refers to the acronym of light amplification by 
stimulated emission of radiation [82, 83], which involves absorption of light, 
spontaneous emission and stimulated emission. During the past two decades, 
laser ablation and irradiation methods have been widely applied for the 
preparation of nanostructures. The synthesis can be performed in vacuum, 
gaseous or liquid environment.  
Laser ablation of metals in liquid media was first demonstrated by 
Neddersen and Fojtik et al. in 1993 to prepare surfactant-less colloidal 
solution of transition metal (Ag, Au, Pt, Pd, Cu, Ni) nanoparticles [84, 85]. 
This method has attracted tremendous amount of interests due to its simplicity 
and versatility. It also provides effective control over various experimental 
parameters, which greatly affects the morphology, structure, shape and size of 
the end product.  
Laser-induced preparations of metal nanostructures can be achieved 
via both top-down and bottom-up approaches. In general, they can be 
categorized into two major methods: (1) Laser ablation of bulk metal targets, 
as well as (2) Laser irradiation of molecular metal precursors.  
 
1.3.4.1. Laser Ablation of Bulk Metal Targets 
Using nanosecond pulsed-laser with high power density (108 to 1010 
W·cm−2), a concentrated laser beam can heat up bulk metal targets, generating 
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plasma or nanosized droplets [86-88]. These nanosized droplets can further 
react with the surrounding liquid environment to form metal nanoparticles. 
The formation of nanoparticles via laser ablation method is based on two main 
mechanisms: (1) The thermal evaporation of metal target, and (2) The 
explosive ejection of nanodroplets.  
The first mechanism involves thermal evaporation of the metal target. 
This process combines ultrafast quenching of hot plasma and their interaction 
with the surrounding environment [88]. Zeng et al. reported detailed 
investigations on the laser ablation of Fe, Zn and Si targets in water using 10-
ns pulsed-laser (Nd:YAG; λ = 1064 nm; 80 mJ/ pulse) [86, 88-90].  
Immediately after pulsed-laser irradiation, high-temperature and high-
pressure metal plasma are produced at the solid-liquid interface (Figure 1.6a). 
Subsequent ultrasonic adiabatic expansion of the hot plasma results in fast 
cooling of the plume region, leading to the formation of metal clusters (Figure 
1.6b). The freshly generated metal clusters then interacts with the surrounding 
water and surfactant molecules, resulting in the formation of metal oxide 
nanoparticles (Figure 1.6c). This method has also been utilized to prepare 
other metal oxides and metal alloys nanoparticles [87, 91, 92]. 
On the other hand, the second mechanism of laser ablation involves 
explosive ejection of metal nanodroplets. Under irradiation of long-pulse 
width laser (millisecond pulse) with lower power density (106 to 107 W·cm-2), 
the primary ablation products were reported to be metal nanodroplets [93-96]. 




Figure 1.6. Schematic illustration of the laser ablation induced formation 
process of metal oxide (MxOy) nanoparticles via thermal evaporation of metal 
target. (a) Step I: Production of metal plasma at the solid-liquid interface; (b) 
Step II: Ultrasonic adiabatic expansion of plasma leading to the formation of 
metal clusters; (c) Step III: Formation of MxOy nanoparticles [89]. Modified 
with permission from J. Phys. Chem. B 109 (2005) 18260. Copyright (2005) 
American Chemical Society. 
 
Figure 1.7. Schematic diagrams indicating the preparation of nanoparticles via 
laser ablation involving explosive ejection of metal nanodroplets [93]. (Not 
drawn to scale). 
During the pulsed-laser irradiation, the local area around the laser spot 
melts and creates millimeter-sized metal droplets at first (Figure 1.7a). The 
metal droplets cause the surrounding liquid medium to boil, producing high-
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pressure vapor instantaneously (Figure 1.7b). This induces an explosive 
ejection of metal nanodroplets (Figure 1.7c). Subsequent surface reactions 
with ambient liquid lead to the formation of metal nanostructures (Figure 1.7d).  
Both morphology and chemical composition of the products are 
governed by the laser parameters applied as well as the nature of metal target 
and liquid medium [93]. Niu et al. demonstrated preparation of hollow MgO, 
PbS, ZnO, ZnS nanoparticles, Fe@FexOy, Pb@PbS, Zn@ZnO core-shell 
nanoparticles and MgO, NiO, PbS nanocubes using this approach [93-96].  
Nichols et al. performed comprehensive studies to compare the two 
mechanisms for the synthesis of Pt nanoparticles via laser ablation method. 
According to their findings, the thermal evaporation of metal target produced 
monodispersed fine Pt nanoparticles on account of the strong confinement of 
the ablation plume by the ambient liquid, which resulted in a nearly constant 
vapor density at the onset of particle growth. On the other hand, the explosive 
ejection of metal nanodroplets resulted in relatively large Pt nanoparticles, 
with broad size distribution and significantly higher yield [97-99].  
In order to yield an effective route to narrow size distribution, Nichols 
et al. suggested a two-step laser ablation process [98]. The first step aims to 
produce maximum yield of nanoparticles under optimal laser conditions. 
Subsequently, a second laser can be used to reduce the nanoparticle size and 
produce a narrower size distribution. In most of the laser ablation induced 
formations of metal nanostructures, both mechanisms may occur 
simultaneously. 
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1.3.4.2. Laser Irradiation of Molecular Metal Precursors 
Laser irradiation of metal salts or metal complexes in solution is an 
alternative bottom-up approach to yield colloidal suspensions of metal 
nanoparticles, either via photochemical reduction (Path II, Figure 1.8) or 
decomposition (Path I, Figure 1.8) of molecular metal precursors to produce 
zero-valent M0 atoms which later cluster to form metal nanoparticles [100-
109]. 
 
Figure 1.8. Schematic diagram illustrating two plausible pathways to yield 
metal nanoparticles via laser irradiation of molecular metal precursors. Path I: 
Direct photodecomposition of metal carbonyls (Mx(CO)y); and Path II: 
Photosensitized reduction of metal cations, to form zero-valent metal atoms 
[105].  
Particularly, photodecomposition of metal carbonyls Mx(CO)y is of 
growing interest since many of them are commercial available in high purity 
and possess metal centers which are already in zero-valent oxidation state. No 
extra reducing agent or tedious reduction process is required. The by-product, 
CO, is released to the gas phase hence can be easily separated from the 
resulting metal colloidal solution. Furthermore, since metal carbonyls possess 
distinct and unique carbonyl stretching frequencies between 1700 and 2100 
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cm-1, the progress of the reaction can be readily monitored by using Fourier-
transform infrared (FTIR) spectroscopic methods. 
Lee et al. reported preparation of Fe, Cr, Mo and W nanoparticles via 
photodecomposition of the corresponding metal carbonyls, with a 10.6 µm 
CO2 laser in the presence of Ar and SF6. In this case, SF6 acted as an infrared 
photosensitizer, which absorbed the 10.6 µm IR photons followed by energy 
transfer to metal carbonyls via collisions. Recently, Krämer et al. also 
demonstrated synthesis of Fe, Ru, Os and Fe2O3 nanoparticles via thermal or 
UV-induced photochemical decomposition of corresponding metal carbonyl 
precursors in ionic liquid [BMim+][BF4−] without using any surfactants and 
capping agents [73].  
Moreover, it is noteworthy that photodecomposition of metal carbonyls 
is a versatile, simple and green approach to prepare metal nanoparticles. This 
method can be readily expanded to a broad range of metal carbonyl precursors 
available. Vollmer et al. produced Cr, Mo, W, Mn, Re, Ru, Os, Co, Rh and Ir 
nanoparticles in [BMim+][BF4−] through a facile and rapid 
photodecomposition of respective metal carbonyls using 10 W microwave 
irradiation [110]. The as-obtained Ru and Rh nanoparticles showed high 
catalytic activity towards heterogeneous hydrogenation of cyclohexene. 
Nonetheless, ionic liquids are usually considerably expensive. Therefore, 
large-scale synthesis of metal nanoparticles in ionic liquids is not 
economically viable. 
Chapter 1: Introduction 
25 
 
On the other hand, under laser irradiation, conventional reactions that 
require tedious experimental setup and high temperature can be made possible 
under ambient condition.  Graphite-coated Fe nanoparticles with high 
magnetization were prepared by mean of 355-nm pulsed laser (~70 mJ/ pulse) 
photodecomposition of Fe3(CO)12 in the presence of triphenylphosphine PPh3 
under ambient condition [111]. With continuous intense laser irradiation, the 
phenyl rings of the adsorbed PPh3 undergo catalytic graphitization on the 
surface of Fe nanoparticles, leading to the formation of graphite shells around 
the Fe cores.  
 
1.4. Nanocatalysis 
1.4.1. Conventional Homogeneous and Heterogeneous Catalysts 
By definition, a catalyst is an entity that increases the rate of a reaction 
without modifying the overall standard Gibbs energy change in the reaction 
[83]. Homogeneous catalysts offer a variety of attractive advantages over their 
heterogeneous counterparts [15, 112]. For instance, all active sites are 
accessible because homogeneous catalyst is usually a solvated transition metal 
complex. The chemoselectivity, regioselectivity and enantioselectivity of the 
catalyst are often tunable via modification of ligands and metal center.  
Despite all these advantages, most of the homogeneous catalytic 
systems have not been industrialized due to one noteworthy disadvantage as 
compared to heterogeneous catalysts – the difficulty encountered in separating 
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the reaction product from the catalysts and from any reaction solvent [15]. 
Moreover, homogeneous catalysts are generally thermally sensitive with 
decomposition temperature below 150°C. Therefore the thermal stress arisen 
from product distillation tends to degrade the usually expensive catalysts. 
In order to overcome the problem of production isolation and catalyst 
recovery, researchers have designed a wide range of strategies. Among them, 
heterogeneous catalytic systems still appear to be a better candidate to the 
solution from the industrial perspectives [16, 113-116]. Today, many 
important homogeneous catalysts used in the industry utilize either biphasic 
systems or catalyst fixation on supports (heterogeneous approach) to solve the 
problems of product separation and catalyst recovery [15]. Nanomaterials have 
emerged as an excellent bridge between these two approaches. This frontier 
domain, nanocatalysis, is sometimes called semi- or micro-heterogeneous 
catalysis [44]. The main features of homogeneous, heterogeneous and nano-
catalysts are summarized and compared in Table 1.1. 
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Table 1.1. Comparison of major advantages and disadvantages between 
homogeneous, heterogeneous and nano-catalysts [117]. 
Features 
Type of Catalysts 
Homogeneous Heterogeneous Nanocatalysts 






& efficiency Excellent Poor Excellent 
Active site Discrete Poorly defined Discrete 
Thermal stability Poor Robust Good 
Catalyst modification Easy Difficult Easy 
 
1.4.2. Nanocatalysts and Factors Influencing Their Catalytic Properties 
Catalysis is among the most important applications within the area of 
nanoscience and nanotechnology [2, 17, 18]. During the past two decades the 
field of nanocatalysis, in which nanomaterials are used to catalyze reactions, 
has undergone an exponential growth. Transition metal nanoparticles have 
emerged as attractive alternatives to conventional homogeneous and 
heterogeneous catalysts. Their high surface-to-volume ratio and high surface 
energy render them sustainable cost effectiveness together with high catalytic 
activity. In contrast to conventional homogeneous catalysts, nanoparticles can 
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be easily separated and recovered by either centrifugation or filtration, making 
the isolation of product comparatively effortless.  
Table 1.2. Comparison of surface-to-volume ratio between bulk gold cube and 
gold nanocube. (Not drawn to scale). 




Total no. of atoms 6.25 × 1022 62.5 
No. of surface atoms 3.75 × 1015 37.5 
Percentage of surface 
atoms/ total atoms (%) 6 × 10
−6  60 
In addition, the catalytic activity and selectivity of nanocatalysts can be 
conveniently tailored by controlling their size, shape, morphology and 
composition [16, 44].  Recent advances in the preparation of nanoparticles 
have enabled precise control of the surface active sites by synthesizing 
monodispersed and shape-controlled catalysts [18]. Wet chemical synthetic 
methods also allow large scale and facile preparation of nanocatalysts [23-26]. 
In 1940, Nord et al. demonstrated the first catalytic applications using 
Pd nanoparticles for the reduction of nitrobenzene [118-120]. Using metal 
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oxides-supported Au nanoparticles, Cha and Parravano also reported catalytic 
oxygen transfer between CO and CO2 [121], as well as hydrogen transfer 
between benzene and cyclohexane  in 1970 [122] respectively.  
On the other hand, in 1986 Lewis revealed the colloidal mechanism for 
the hydrosilylation of olefins using organometallic Pt complexes, including the 
Speier’s catalyst, as precursors [123-127]. The hydrosilylation was previously 
believed to undergo the classic organometallic oxidative addition of Si–H 
bond of silane onto the Pt metal center, followed by alkene insertion and 
subsequent reductive elimination to form the hydrosilylation product. Yet, 
experimental evidences had shown that Pt colloids, instead of organometallic 
Pt complexes, were the actual active catalysts. 
The breakthrough in nanocatalysis came with Hurata’s seminal studies 
on low temperature oxidation of H2 and CO catalyzed using transition metal 
oxides (α-Fe2O3, Co3O4, NiO and TiO2)-supported Au nanoparticles in 1987 
[128-131]. Gold was historically regarded as an inert metal. However, in 
combination with appropriate support, Au nanoparticles were found to be 
more active than Pd and Pt catalysts for many reactions, such as the synthesis 
of propylene oxide by reacting propylene with O2 and H2 [131].  
Spurred by the excitement of understanding new catalytic mechanisms 
along with their economic impacts in the chemical industries, ever since then, 
nanocatalysis has been extensively studied especially in the area of redox 
catalysis [132], photocatalysis [133-135], hydrogenation [136-144], oxidation 
[128-130, 145-150] and cross-coupling reactions [25]. In order to design a 
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viable catalytic system, it is important to understand key features that 
influence the activity and selectivity of nanocatalysts. Herein, we will discuss 
the effects of shape, size, chemical composition as well as support on the 
catalytic properties of nanomaterials. 
 
1.4.2.1. Shape-dependent Nanocatalysis 
The morphology of nanoparticles has a huge impact on their catalytic 
activity and selectivity. The shape of the nanoparticles not only determines the 
crystal facets exposed, but also the fractions of surface atoms at the corners, 
edges and planes which essentially govern the outcome of the catalysis. For 
instance, the catalytic performance of surface-specific Pd nanorods was 
reported to be 10-fold higher than that of Pd nanoparticles towards the oxygen 
reduction reaction [151]. The Pd nanorods featured exposure of Pd (110) 
facets, which exhibit superior activity for oxygen reduction reaction. 
The first systematic report on shape-dependent nanocatalysis was 
published by Narayanan and El-Sayed in 2004. They examined the catalytic 
activity of tetrahedral, cubic and spherical Pt nanostructures on the electron-
transfer reaction between hexacyanoferrate (III) ions and thiosulfate ions [152]. 
Pt nanotetrahedron consists of four (111) facets with sharp corners and edges; 
whereas Pt nanocube consists of six (100) facets. Spherical Pt nanoparticles 
are composed of numerous (111) and (100) facets with corners and edges 
located at the interfaces (Figure 1.9). 




Figure 1.9. Comparison of shape-dependent catalytic activity between Pt 
nanotetrahedron, nanoparticle and nanocube on the electron-transfer reaction 
between hexacyanoferrate (III) ions and thiosulfate ions [152, 153]. 
The activation energy for the electron-transfer reaction was found to be 
in the order of: Pt nanocubes > spherical Pt nanoparticles > Pt 
nanotetrahedrons (Figure 1.9), while the rate constant was measured to be in 
the reverse order. The outstanding catalytic performance of Pt 
nanotetrahedrons was attributed to their greater fraction of surface atoms 
residing on the corners and edges which were assumed to be the active sites 
[153]. It is noteworthy to point out that distortions were observed in the 
corners and edges of the nanotetrahedrons and nanocubes after 40 min of the 
catalysis. Moreover, their activation energies also strived towards that of the 
more thermodynamically stable spherical nanoparticles [154]. 




Figure 1.10. Schematic illustration indicating shape-dependent selectivity of 
benzene hydrogenation catalyzed by Pt nanocatalysts and single crystals [155]. 
On the other hand, the catalytic selectivity is also strongly dependent 
on the shape of nanocrystals. Bratlie et al. investigated the shape effect of Pt 
nanoparticles on the selectivity of benzene hydrogenation [155]. In the case of 
cuboctahedral Pt nanoparticles, both cyclohexane and cyclohexene were 
produced; whereas only cyclohexane was formed on Pt nanocubes selectively. 
The results correspond well to the selectivity studies performed on Pt (111) 
and Pt (100) single crystals respectively (Figure 1.10). Cuboctahedral Pt 
nanoparticles consist of both (111) and (100) facets, while Pt nanocubes 
consist of dominantly (100) facets. Therefore in contrast to Pt nanocubes, the 
(111) facets of cuboctahedral Pt nanoparticles also promote the formation of 
cyclohexene [155]. 
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1.4.2.2. Size Effects 
When the size of a particle is reduced to the nanometer scale, not only 
its physical and electronic properties experience dramatic changes, its surface 
chemical behavior will also be drastically affected [156]. The most 
pronounced scalable effects are the inversely proportional relationships 
between the surface-to-volume ratio and the interfacial energy to the particle 
size. For instance, as the particle size decreases, the surface-to-volume ratio 
increases, leading to a larger number of coordinatively unsaturated surface 
atoms available to interact with the adsorbates.  
In the case of catalysis, the ability to accept or donate electron density 
plays a critical role. Roduner demonstrated that the chemical properties can be 
easily tuned over a huge range by varying the cluster size [21]. For example, 
the electron affinity of gold clusters changes by ca. 2 eV as a function of the 
cluster size [21]. This relationship holds for the ionization potential as well. 
From a single Pt atom to the bulk metal, the work function can range from 9.0 
eV to 5.3 eV respectively. 
In addition, the catalytic selectivity is also closely related to the size of 
nanocatalysts. Kuhn et al. investigated the size effect of supported Pt 
nanoparticles on the selectivity of pyrrole hydrogenation (Figure 1.11) [157]. 
The selectivity observed was believed to be a result of more electron-rich N of 
n-butylamine, which forms a stronger adsorbate-surface interaction, as 
compared to its counterpart in pyrrolidine and pyrrole. This adsorption energy 
is stronger over smaller Pt nanoparticles which possess higher surface energy.  




Figure 1.11. (a) Reaction scheme depicting hydrogenation and ring opening of 
pyrrole. (b) The size effect of Pt nanoparticles on the selectivity of catalytic 
hydrogenation of pyrolle [157]. Reprinted with permission from J. Am. Chem. 
Soc. 130 (2008) 14026. Copyright (2008) American Chemical Society. 
A volcano-shaped relationship has been confirmed both experimentally 
and computationally between the turnover frequency (TOF) of a 
heterogeneous catalysis and the binding energy of reactants onto the catalyst 
surface [158, 159]. When the binding energy is too low, no adsorption of the 
reactant occurs or insufficient perturbation towards the transition state of the 
reaction (see point A in Figure 1.12a). When the binding energy is too high, 
the product does not desorb (see point B in Figure 1.12a), and the surface of 
the catalyst will be poisoned. The highest TOF can be achieved with 
intermediate adsorption energy (see point AB in Figure 1.12a). 
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Furthermore, by scaling down the heterogeneous metal catalyst to 
nanosized particles, which possess higher surface energy with plenty of edges 
and corners, the adsorption energy can be optimized towards the highest TOF 
(A  A* in Figure 1.12a). This is one of the reasons why gold nanoparticles 
exhibit excellent catalytic activity of gold nanoparticles, while bulk gold is 
poorly active [156]. 
 
Figure 1.12. (a) Schematic logarithmic volcano plot of TOF as a function of 
binding energy. AB represents 1: 1 alloy between bulk A (weak binding 
energy) and bulk B (strong binding energy). A* and B* indicate nanosized A 
and B with increased binding energy with the adsorbate [156, 159]. 
Reproduced from Ref. [156]. (b) Calculated TOF for ammonia synthesis as a 
function of the adsorption energy of nitrogen on different metals and alloy 
[159]. Reprinted with permission from J. Am. Chem. Soc. 123 (2001) 8404. 
Copyright (2001) American Chemical Society. 
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1.4.2.3. Effects of Chemical Composition 
Another way to optimize the catalytic activity of nanomaterials is to 
tailor their chemical composition. Based on computational calculation, the 
adsorption energy of a 1: 1 alloy particle AB is approximately equal to the 
average adsorption energies of the two individual components A and B 
(Figure 1.12a), such as that of CoMo alloy as depicted in Figure 1.12b [159]. 
Therefore theoretically, the TOF for a certain heterogeneous catalysis can be 
easily optimized through appropriate catalyst design by interpolation in the 
periodic table [159]. 
Bi- or multi-metallic catalytic systems not only allow the tuning of 
their activity, selectivity and durability, they also reduce the cost for the active 
catalysts. This synergic approach has been widely recognized in the 
manufacture of direct methanol fuel cells (DMFCs) to make them more 
economically viable. Typically, the amount of Pt used in DMFC can be 
reduced by alloying Pt with less expensive metals, such as Fe, which in turn 
help enhancing the activity at the electrodes [160, 161]. 
Furthermore, several reports have shown that alloying Pt with metals, 
such as Co, Fe, Ni and Ru, not only enhances the catalytic performance 
towards hydrogenation [162-165] and oxygen reduction reactions [166-168], 
but also significantly improves resistance to CO poisoning [169]. Moreover, 
the poisoning effects of methanol oxidation over the surfaces of Pt can also be 
minimized by adding Ru and Au [170-172].  




Figure 1.13. TOF and selectivity of bimetallic Au-Pd nanocatalysts with 
different Pd: Au ratio in comparison with pure Au and Pd nanocatalysts. The 
inset shows a model of uniformly alloyed bimetallic Au-Pd nanoparticle, with 
Pd atoms evenly isolated on the surface  [173]. Reprinted with permission 
from J. Phys. Chem. C 112 (2008) 8617. Copyright (2008) American 
Chemical Society. 
Additionally, optimal catalytic performance can be achieved by fine-
tuning the atomic ratio of the alloy for bimetallic nanoparticles. Wang et al. 
demonstrated synergistic effects of bimetallic Au-Pd nanoparticles supported 
on activated carbon [173]. They studied the selective oxidation of glycerol to 
glyceric acid using a series of nanocatalysts with Au: Pd ratios varying from 
9.5: 0.5 to 2: 8. Relatively high TOF was obtained for high Au: Pd ratio of 9: 1 
and 8: 2 on account of the uniformly isolated Pd atomic sites by the majority 
of Au atoms on the surface (Figure 1.13). The synergistic effect of the 
bimetallic nanocatalysts was attributed to the tuning of binding energy which 
was introduced by morphological changes in the system. It is believed that the 
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inhomogeneity of Pd at higher Pd concentration weakens the synergistic effect 
of the bimetallic catalysts.  
 
1.4.2.4. Effects of Supports 
As discussed earlier, bulk gold is known to be extremely noble and 
inactive as a catalyst. Haruta’s discovery of excellent catalytic activity of 
supported sub-nanometer gold particles (< 5nm) was a game changer in the 
field of nanocatalysis [128-131]. Since then, many investigations have been 
conducted to study the influence of nanoparticle size [22, 174-179] as well as 
the nanoparticles-support interaction [22, 174] on the catalytic activity.  
The interface between the metal nanoparticles and the semiconducting 
support can be considered as a Schottky contact, which is polarized as a result 
of partial charge transfer between the metal and the support [21]. For bulk 
metal, the Fermi level remains almost unchanged and the partial charges 
localized near the interface. Thus the effect of polarization is minute. However, 
for small metal nanoparticles, any polarization may affect the metal-adsorbate 
interaction drastically.  
This unique phenomenon had been demonstrated in the case of single 
crystal MgO-supported Au8 clusters [180]. Au8 clusters are strongly bound to 
the negatively charged F-centre vacancies of MgO due to a charge transfer of 
ca. 0.5e from the vacancy into the cluster. This charge transfer effectively 
anchors the Au8 clusters at the defects, hence preventing them from 
agglomeration. 
Chapter 1: Introduction 
39 
 
Furthermore, enhanced catalytic performance of TiC-supported Au 
nanoparticles on low-temperature oxidation of CO was reported with 
decreasing particle size [181] as well as increasing inter-particle distance [30]. 
The Au–C interactions induce a significant charge polarization around the Au 
atoms, which in turn facilitates the bonding of electron acceptor such as CO 
and SO2 [182, 183]. 
 
1.5. Objectives 
The major aim of this thesis is to exploit recent wet chemical 
approaches in preparing nanomaterials and investigate their activity as well as 
selectivity in the field of catalysis which is of great importance in the 
environmental, energy and chemical industries. As discussed earlier, 
nanocatalysis offers numerous advantages over conventional homogeneous 
and heterogeneous catalysis, mainly owing to their ease of separation from 
reaction products as well as high surface area-to-volume ratio. 
Transition metal nanomaterials have been widely studied in the field of 
catalysis on account of their economic importance and attractive performance. 
Yet, among them, the preparation of rhenium (Re) nanomaterials has rarely 
been explored. In contrast to many metals such as gold and silver, Re 
nanoparticles could not be formed directly via typical borohydride reduction 
of its salt. In the first part of this project, we described the synthesis of Re 
nanoparticles by means of pulsed-laser decomposition of rhenium complexes 
in the presence of 3-mercaptopropionic acid (MPA) which serves as capping 
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agent. We investigated the capability of the Re nanoparticles in activating 
C=C and C–H bonds, which might shed some lights in the chemical and 
energy industries such as the petroleum reforming process. In particular, 
isomerization of 10-undecen-1-ol to internal alkenols as well as catalytic 
graphitization of the phenyl groups of adsorbed PPh3 were demonstrated on 
the Re nanoparticles. 
In Chapter 3, synthesis of single crystalline rhenium trioxide (ReO3) 
nanocubes, via controlled reduction of rhenium (VII) oxide (Re2O7) solution 
sandwiched between silicon wafers at 250°C, were reported for the first time. 
Unlike most of the transition metal oxides which are semiconducting in nature, 
metallic ReO3 is well-known for its astonishingly high electrical conductivity 
close to that of copper. The ReO3 nanocubes exhibit broad UV absorption and 
SPR band down to the NIR region. Together with their dispersity in aqueous 
solution, it prompted us to investigate photocatalytic application of ReO3 
nanocubes in environmental pollutant cleanup. Interestingly, the ReO3 
nanocubes have shown high activity and efficiency towards visible light-
induced photodegradation of azo dye under ambient condition. 
In the later part of the project, we investigated the activation of S–H 
and Si–H bonds over ruthenium (Ru) nanoparticles. Firstly, oxidative coupling 
of thiols to disulfides, which is of high importance from both biological and 
synthetic perspectives, was examined. Conventional thiol coupling reactions 
usually not only involve usage of highly toxic and uneconomical oxidants, but 
also encounter the problem of over-oxidation of thiols. PVP-stabilized Ru 
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nanoparticles are attractive and environmental benign alternatives. They are 
highly dispersible in water and alcohols, therefore the usage of harmful 
organic solvents could be minimized, and at the same time toxic and costly 
oxidants could be avoided. Moreover, facile one-pot synthesis of the Ru 
nanoparticles via typical polyol reduction process also allows scalable 
preparation of the catalysts. It is noteworthy that the catalysis is highly 
selective and proceeds under aerobic conditions. No over-oxidation of thiols 
was observed.  
On the other hand, selective hydrolysis of silanes is of great 
importance since silanols are key building blocks for silicon-based polymeric 
materials and nucleophilic counterparts in cross-coupling reactions. However, 
the hydrolysis of silanes catalyzed using organometallic complexes generally 
leads to the formation of disiloxanes, which results from the reaction of silanol 
with silane as well as condensation of silanols. Therefore secondly, we 
demonstrated selective hydrolysis of silanes catalyzed by PVP-capped Ru 
nanoparticles to produce silanols and hydrogen gas. No disiloxanes or silyl 
ethers were obtained as by-products. 
Last but not least, immobilization of catalytically-active 
organometallic complexes onto nanoparticles is also of growing interest in the 
field of nanocatalysis. This approach essentially bridges the gap between 
homogeneous and heterogeneous catalysis, consequently preserving 
advantageous attributes of both systems. Hence it led us to exploit surface 
functionalization of Ag nanocubes and nanoparticles with catalytically-active 
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ruthenium carbonyl oligomers ([Ru2(MPA)4(CO)4]n). Interestingly, the 
[Ru2(MPA)4(CO)4]n oligomer-capped Ag nanostructures showed rate 
enhancement as high as 33-fold towards the catalytic hydrocarboxylation 
terminal alkynes as compared to the free [Ru2(MPA)4(CO)4]n counterparts. 
The rate enhancement is facilitated by adsorption of substrates on the surface 
of the nanoparticles, thus bringing them into close proximity with the catalyst. 
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Transition metal nanoparticles have been studied extensively due to 
their applications in diverse areas such as catalysis [1-4], optics [5, 6] and 
electronics [7]. However, there have been very few reports on the preparation 
of nanoparticles consisting of group 7 transition elements (Mn, Tc and Re). 
The synthesis and characterization of Mn nanoparticles using a solution 
chemistry route have only recently been reported [8]. Hassel et al. reported a 
multi-step fabrication of Re nanowires, with diameter between 400 and 450 
nm, via directional solidication and selective etching of NiAl-Re eutectic alloy 
[9]. However the preparation of smaller Re nanoparticles has rarely been 
explored.  
Re has the second highest melting point (3185°C) among all metals, 
exceeded only by tungsten (3422°C) [10]. As the size decreases to the 
nanoscale, melting point depression is expected according to the Pawlow 
relation [11]. Re is widely used in high-temperature superalloys for the 
manufacture of jet engine parts, improving engine life, performance and 
operating efficiency [12]. Re-188 has been labeled onto the surface of silica-
coated magnetite nanoparticles for magnetic targeted radiotherapy [13].  
Bimetallic Pt-Re alloy is also economically important. It plays a vital 
role in catalyzing petroleum reforming reactions at ca. 500oC and 15 atm [14]. 
The catalyst is found to be resistant towards sulfur and carbon monoxide 
contamination and is capable of enhancing octane level of refineries efficiently 
[15, 16]. Carbon-supported Pt-Re catalysts are capable of promoting the rate 
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of glycerol reforming. The turnover frequencies for the production of H2, CO, 
CO2 and light alkanes were found to increase with increasing rhenium contain 
[17]. Having relatively low standard reduction potential of 0.300 V [10], pure 
Re nanoparticles are potential templates for the preparation of metal-rhenium 
alloy nanocomposites through galvanic replacement [18-21]. 
In this work, we describe the preparation of Re nanoparticles by means 
of pulsed-laser decomposition methods starting from a perrhenate salt (ReO4−) 
or dirhenium decacarbonyl (Re2(CO)10) as the precursor and 3-
mercaptopropionic acid (MPA) as the capping agent. Graphite-coated Re 
nanoparticles have been formed in a one-pot reaction by irradiating a solution 
containing Re2(CO)10 and triphenylphosphine (PPh3) as the graphite source. 
Interestingly, initial results showed that even at a relatively low temperature of 
200oC, the MPA-capped Re nanoparticles can function as a potent alkenol 
isomerization catalyst which involves C=C and C–H bond activation. 
  
2.2. Experimental Section 
2.2.1. Materials 
Ammonium perrhenate (NH4ReO4, ≥99%), dirhenium decacarbonyl 
(Re2(CO)10, 98%), 3-mercaptopropionic acid (MPA, ≥99%) and 
triphenylphosphine (PPh3, 99%) were purchased from Aldrich.  Sodium 
borohydride (NaBH4, 98%) was purchased from Strem. All chemicals were 
used as received. 
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2.2.2. Synthesis of MPA-capped Re Nanoparticles in Aqueous Medium 
In aqueous environment, Re nanoparticles were synthesized via 
photolysis of Re-MPA complex. The Re-MPA precursor was prepared by 
reducing an 18-mL aqueous solution of NH4ReO4 (26 mg, 0.1 mmol) in the 
presence of MPA (44 µL, 0.5 mmol), with dropwise addition of 2-mL ice-cold 
NaBH4 (38 mg, 1 mmol). The color of the solution gradually turned from 
colorless to dark brown, indicating the formation of Re-MPA complex. 
Magnetic stirring was continued for 2 hours until no effervescence was 
observed. The acidified precursor (5.00 mL), in a 10-mL round-bottom flask, 
was then subjected to pulsed-laser irradiation (Nd:YAG laser, 355-nm, 35 
kW/m2, 100 mJ/pulse, 10-ns pulse) for 7 hours under vigorous stirring. The 
laser beam was focused at the middle of the reaction mixture. The product was 
washed thrice with deionized water (4000 rpm, 30 min), and was redispersed 
in deionized water for further characterization. 
 
2.2.3. Synthesis of MPA-capped Re Nanoparticles in Organic Medium 
In organic environment, zero valent Re2(CO)10 was used as precursor. 
In a typical one-pot synthesis of Re nanoparticles, a deoxygenated toluene 
solution (5.00 mL) containing Re2(CO)10 (16.8 mg, 25.7 µmol) and MPA (9 
µL, 103 µmol) was subjected to pulsed-laser irradiation (Nd:YAG laser, 355-
nm, 35 kW/m2, 100 mJ/pulse, 10-ns pulse) for 30 min. Evolution of CO gas 
was observed during the photolysis. The product was washed thrice with 
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toluene (4500 rpm, 30 min) and ethanol (4500 rpm, 15 min). The purified 
solid could be redispersed in either ethanol or deionized water for further 
characterization. 
 
2.2.4. Synthesis of Graphite-coated Re Nanoparticles 
The synthesis of graphite-coated Re nanoparticles was modified from 
the preparation of graphite-coated Fe nanoparticles previously reported by our 
group [22]. Briefly, a deoxygenated heptane solution (5.00 mL) of Re2(CO)10 
(1.3 mg, 2.0 µmol) and PPh3 (2.6mg, 10 µmol) was subjected to pulsed-laser 
irradiation (Nd:YAG laser, 355-nm, 35 kW/m2, 70 mJ/pulse, 10-ns pulse) for 
2 hours. The product was washed thrice with heptane (4500 rpm, 30 min) and 
toluene (4500 rpm, 30 min), and was redispersed in toluene for further 
characterization.  
 
2.2.5. Catalytic Alkenol Isomerization 
In a typical catalytic study, reaction mixture containing 10-undecen-1-
ol (0.5 mmol) and MPA-capped Re nanoparticles (1 mg) was heated at 200°C 
for 2 hours under magnetic stirring. Control reaction was carried out without 
the catalyst. The alkenol isomerization was followed by 1H NMR using 
benzene (1.0 mmol) as an internal standard. 1H NMR characterization was 
conducted using Bruker AMX 500 spectrometer.  
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The photolysis of Re-MPA complex was followed by UV-visible 
spectroscopic measurement on Shimadzu UV-2550 spectrometer. Solid 
infrared (IR) spectra of the samples dispersed in KBr pellets were measured on 
Shimadzu IR Prestige-21 Fourier-Transform IR spectrometer. X-ray 
diffraction (XRD) patterns were recorded from thin film sample of Re colloids 
supported on a SiO2 substrate (1 cm by 1 cm) using SIEMENS Powder XRD 
D5005 diffractometer (Cu Kα λ = 0.15418 nm).  
TEM images were recorded using JOEL-2010F and JEOL-3010 
operated at 200 kV and 300 kV respectively. Selected area electron diffraction 
(SAED) and energy dispersive X-ray spectroscopic (EDS) analysis were 
performed during TEM imaging. The samples were prepared by dropcasting 
colloidal solution of Re nanoparticles onto carbon-coated copper grid. The 
sample was air-dried before drying under reduced pressure. The laser used for 
the photolysis is a Continuum Surelite III-10 Nd:YAG nanosecond pulsed-
laser. 
 
2.3. Results and Discussion 
2.3.1. Laser-assisted Preparation of MPA-capped Re Nanoparticles 
Chemical reduction of NH4ReO4 with NaBH4 in the presence of MPA 
resulted in the formation of a dark brown molecular rhenium complex in the 
aqueous solution. Unlike many metals such as gold and silver, Re 
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nanoparticles could not be formed directly by borohydride reduction of its salt. 
The Re complex has a UV-visible absorption peak (λmax) at about 400 nm 
(Figure 2.1a) which remains unchanged upon prolonged reflux or irradiation 
using a broadband UV lamp (> 2 days) in solution. However, upon high power 
355-nm pulsed-laser photolysis, deposits have been observed due to the 
decomposition of the complex with concomitant reduction of intensity and 
eventual disappearance of the 400 nm band (Figure 2.1d). The final absorption 
spectrum resembles the predicted UV-visible absorption of Re nanoparticles 
previously reported in literature [23]. 
 
Figure 2.1. UV-Vis absorption spectra of the dark brown Re complex (5 mM) 
upon 355 nm laser irradiation for (a) 0 hr; (b) 1 hr; (c) 4 hr; and (d) 7 hr, 
respectively. 
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Figure 2.2. (a) TEM image and histogram of particle size distribution (inset), 
(b) SAED pattern, (c) EDS spectrum and (d) powder XRD patterns of MPA-
capped Re nanoparticles prepared from ReO4−/NaBH4/MPA mixture in 
aqueous medium followed by laser photolysis (355-nm, Nd:YAG laser). 
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The TEM image of the MPA-capped Re nanoparticles shows the 
formation of spherical Re nanoparticles with a size range from 20 to 70 nm 
(Figure 2.2a). The identity of the Re nanoparticles has been confirmed by 
SAED, EDS and powder XRD analyses. The SAED pattern of the Re 
nanoparticles signals can be indexed to the (002), (101), (102) (110), (103), 
(112), (201), (203) and (211) planes of hexagonal Re (JCPDF #00-001-1231) 
(Figure 2.2b). The EDS analysis indicated significant presence of Re as well 
as signals corresponding to elemental C, O and S, all of which have been 
attributed to the MPA capping agent on the Re surface (Figure 2.2c). The 
peaks of elemental Cu at about 1 and 8 keV correspond to the copper grid. The 
powder XRD peaks of the Re nanoparticles have been indexed to hexagonal 
Re (JCPDF #00-001-1231). The Bragg’s reflections (2θ) measured in the 
powder XRD diffractogram: 37.68°, 40.60°, 43.09°, 56.70°, 68.42°, 75.81°, 
82.56° and 84.49° correspond to (100), (002), (101), (102), (110), (103), (112) 
and (201) planes of hexagonal Re respectively.  
The solid IR spectra of neat MPA, and MPA-capped Re nanoparticles 
prepared in aqueous and organic media are shown in Figure 2.3. The C=O 
stretches at ca. 1716 cm-1 which correspond to free COOH absorption, have 
been observed for MPA-capped Re nanoparticles and neat MPA spectra 
respectively. The absence of the S–H stretch at 2563 cm-1 in the IR spectrum 
of MPA-capped Re nanoparticles indicates the presence of metal-thiolate 
interactions on the Re surface [24, 25]. However, new peaks observed around 
1500 and 1600 cm-1 may also indicate the presence of some metal-carboxylate 
interactions on the Re surface. The peaks in between 1880 and 2120 cm-1 are 
Chapter 2: Preparation of Rhenium Nanoparticles  
via Pulsed-laser Decomposition and Catalytic Studies 
65 
 
CO stretches which arise from residual rhenium carbonyl complexes (Figure 
2.3b). 
 
Figure 2.3. Solid FTIR spectra of: MPA-capped Re nanoparticles prepared in 
(a) aqueous, and (b) organic media; and (c) neat MPA. 
 
As discussed earlier, in the first method Re nanoparticles were 
prepared from ReO4−/NaBH4/MPA mixture in aqueous media, via pulsed-laser 
decomposition of Re-MPA complexes. In the second method, direct 355 nm 
laser photolysis of Re2(CO)10 in the presence of MPA afforded a more facile 
synthesis of MPA-capped Re nanoparticles. Not only a much shorter pulsed-
laser irradiation time (15 to 30 min) has been used but also no chemical 
reduction is required since the Re center is already in the zero oxidation state. 
Similar to the perrhenate case however, the preparation of Re nanoparticles 
using Re2(CO)10 afforded a large size distribution ranging from 5 to 40 nm 
(Figure 2.4a). The SAED pattern of the MPA-capped Re nanoparticles can be 
indexed to the (100), (103) and (203) planes of hexagonal Re. 
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We believe that for both methods of preparing MPA-capped Re 
nanoparticles, a high-energy laser power was required in order to induce 
complete dissociation of rhenium complex into clusters and atoms. However 
the drawback of the pulsed-laser photolysis approach applied in both methods 
is the polydispersity of the samples. The formation of Re nanoparticles is 
expected to proceed via the decomposition route proposed by LaMer et al. in 
which the size distribution of nanoparticles is closely related to the growth 
process [26]. If the concentration of monomer was low during particles growth, 
the Ostwald ripening process dominates in which larger particles grow at the 
expense of smaller ones. The ripening process was more significant in the first 
method of synthesis when a longer irradiation time (7 hrs) was required to 
decompose the Re complex completely into Re nanoparticles.  
In the second case, the reduction of the irradiation time to 30 min also 
enhances the rate of monomer formation. In order to control the size and size 
distribution of Re nanoparticles, the power of 355-nm pulsed-laser (70 – 100 
mJ/pulse), the irradiation duration (15 min – 2 h) and the concentration of Re 
precursor (1 × 10-4 – 1 × 10-2 M) were varied. However, there were no 
significant changes to the size distribution. 
 
2.3.2. One-pot Synthesis of Graphite-coated Re Nanoparticles 
Interestingly, graphite-coated Re nanoparticles have been formed upon 
one-pot pulsed-laser photolysis of Re2(CO)10 in the presence of PPh3. The size 
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of the Re core ranges from 5 to 60 nm (Figure 2.4b). The HRTEM image of 
graphite-coated Re nanoparticles indicates interplanar spacings of 2.10 and 
3.35 Å, corresponding to the (101) plane of hexagonal Re and the (002) plane 
of graphite respectively (Figure A2.1). The SAED pattern of the graphite-
coated Re nanoparticles can be indexed to (100), (002), (110), (103), (201) 
planes of hexagonal Re (JCPDF #00-001-1231), and (002), (100), (012), (004) 
planes of graphite (JCPDF #00-056-0159).  
 
Figure 2.4. TEM images of (a) MPA-capped Re nanoparticles generated from 
Re2(CO)10/MPA, (b) graphite-coated Re nanoparticles generated from 
Re2(CO)10/PPh3, and their corresponding SAED patterns (c) and (d), 
respectively. 
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PPh3 appears to play a vital role in the formation of such nanoparticles. 
It is known that irradiation of Re2(CO)10 and PPh3 leads to the formation of 
Re2(CO)10-x(PPh3)x (x = 2, 3 and 4) complexes [27]. Substituting PPh3 with 
other surfactants such as MPA, dodecanethiol (DDT), oleylamine (OAm) and 
oleic acid (OAc), does not lead to the formation of the graphite coatings. 
However, different solvents such as hexane can be tolerated as long as PPh3 is 
present. Thus, not only does PPh3 act as a ligand for Re2(CO)10, it is also 
essential for the formation of the graphite shell.  
It is well-known that transition metals exhibit catalytic influence on the 
rate and degree of graphitization of carbonaceous materials [28-30]. For 
example, photoinduced catalytic graphitization of the phenyl groups of PPh3 
has been observed on the surface of Fe nanoparticles [22]. Drawing 
comparisons with previous studies, we believe that under high power pulsed-
laser irradiation, the Re2(CO)10-x(PPh3)x species decompose and form Re 
nanoparticles with surfaces passivated by PPh3. This process is accomplished 
by subjecting the Re nanoparticles to the 10-ns pulsed-laser irradiation which 
repeatedly excites the nanoparticles from the ground state to the electronically 
excited state of picosecond lifetime via efficient electron-photon coupling [31]. 
As a result, the conversion of light to thermal energy drives the graphitization 
of PPh3 on the Re surfaces. 
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2.3.3. Isomerization of 10-undecen-1-ol Catalyzed by MPA-capped Re 
Nanoparticles 
 
Figure 2.5. (a) Schematic diagram depicting isomerization of 10-undecen-ol 
catalyzed by MPA-capped Re nanoparticles and (b) 1H NMR spectrum of the 
isomerization product. The chemical shifts at ca. 5.80, 4.98 and 4.92 ppm are 
due to Ha, Hb and Hc of the remaining terminal 10-undecen-1-ol respectively. 
The polycrystallinity of the Re nanoparticles samples prompted us to 
investigate their catalytic properties. Initial studies have shown that even at a 
relatively low temperature of 200°C, the Re-MPA nanoparticles in particular 
are able to catalyze the isomerization of terminal 10-undecen-1-ol into its 
internal alkenol isomers via activation of C-H and C=C bonds (Figure 2.5). 
1H NMR spectrum of the reaction mixture shows new set of peaks 
between 5.35 and 5.50 ppm (Figure 2.5b) which are assigned to the vinylic 
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protons of both cis- and trans-isomers of the various internal alkenols (Figure 
2.5) generated by the migration of C=C bond. Because of the structural 
similarity, the chemical shifts of each isomer cannot be distinguished and tend 
to group together within the abovementioned region. The yield of the C=C 
activation products was found to be 51% with a high turnover number (TON) 
of ca. 50 (relative to Re nanoparticle mass) within 2 hrs. Such signals were not 
observed in the absence of MPA-capped Re nanoparticles. In addition, the 
graphite-coated Re nanoparticles were found to be catalytically inactive due to 
the excellent surface passivation by the graphite coatings. The result of the 
studies may shed some light on the role of rhenium in the catalytic reforming 
processes using Pt-Re alloy as the catalysts at high temperatures (ca. 500°C) 
and pressures (ca. 15 atm) [14]. Further catalytic studies on Re nanoparticles 
and Pt-Re nanoalloys are currently being conducted in our laboratory. 
 
2.4. Conclusion 
In conclusion, the syntheses of MPA-capped Re nanoparticles by 
photodecomposition of the molecular Re complex and Re2(CO)10 in the 
presence of MPA have been demonstrated for the first time. The Re 
nanoparticles have been found to be capable of catalyzing isomerization of 10-
undecen-1-ol to internal alkenols. Graphite-coated Re nanoparticles have also 
been successfully prepared by 355-nm pulsed-laser photodecomposition of 
Re2(CO)10 in the presence of PPh3. 
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Transition metal oxide nanomaterials have attracted tremendous 
attention due to their wide range of properties and applications [1, 2]. Among 
them, metallic ReO3 is well-known for its astonishingly high electrical 
conductivity close to that of copper [3-7]. ReO3 adopts a simple cubic 
perovskite-type structure (ABO3) with vacant A sites at the center of the unit 
cell [8]. These sites allow hydrogen intercalation and wide lattice motions of 
the ReO6 octahedra, resulting in substantial ionic conductivity [9], enhanced 
compressibility and negative thermal expansion [10]. Supported ReO3 has also 
shown high catalytic activity towards the oxidation of methanol to methylal 
[11]. 
Hiskey et al. has reported the preparation of bulk ReO3 via thermal 
decomposition of a rhenium-dioxane complex, Re2O7·3C4H8O2 [12]. Using 
the same precursor, Rao et al. has reported that metallic ReO3 nanoparticles 
could be synthesized under solvothermal conditions [13]. In addition, surface-
enhanced Raman spectroscopy (SERS) of aza-aromatic compounds has been 
investigated on the surfaces of ReO3 nanocrystals [14]. Recently, Kim et al. 
has also reported the synthesis of ReO3 nanowires via atmospheric-pressure 
chemical vapor deposition (APCVD) [15].  
However, the synthesis of single crystalline ReO3 nanocubes has not 
been reported so far. Herein, we demonstrate a facile synthesis of single 
crystalline metallic ReO3 nanocubes for the first time. The ReO3 nanocubes 
have been found to exhibit several interesting properties namely broad UV and 
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NIR absorption, paramagnetism at room temperature and magnetic hysteresis 
at 78K. These properties may allow ReO3 nanocubes to be used in various 
fields such as photodynamic therapy, drug delivery, bioimaging and data 
storage. 
Since Fujishima et al. discovered the photocatalytic water splitting on 
TiO2 electrodes [16], heterogeneous photocatalysis has attracted tremendous 
interest due to its applications in environmental pollutant cleanup [17]. For 
example, textile dyes made up of azo and anthraquinone compounds constitute 
one of the largest groups of organic pollutants [18-21]. The most commonly 
reported photocatalysts for the photodegradation of azo dyes are 
semiconductors, for instance TiO2 and ZnO [22-25]. In this work, we 
introduce ReO3 nanocubes as a highly effective catalyst for the 
photodegradation of MO dye [22-25]. 
 
3.2. Experimental Section 
3.2.1. Materials 
Rhenium (VII) oxide (Re2O7, 99.9%) and 
hexadecytrimethylammonium bromide (CTAB, 98%) were purchased from 
Alfa Aesar. Hydrochloric acid (HCl, 37%), 1-propanol and 2-propanol were 
purchased from BDH. Sodium hydroxide (NaOH) and 1-butanol were 
purchased from Merck. Methyl orange (MO), pyrogallol (≥98%) and ethylene 
glycol (≥99.5%) were purchased from Fluka. Methanol (MeOH, 99.8%), 
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ethanol, polyvinylpyrrolidone K30 (PVP), and sodium carbonate (Na2CO3) 
were purchased from TEDIA, GADOT, Sigma-Aldrich and GCE respectively. 
All chemicals were used as received.  
 
3.2.2. Synthesis of ReO3 Nanocubes and Nanoparticles 
Freshly-prepared Re2O7 methanolic solution (0.1 mol·dm-3, 50 µL) was 
sandwiched between two silicon wafers. The confined solution was then 
placed on a hot surface preheated at 250°C for 5 mins, during which Re2O7 
was reduced by methanol. The solution was allowed to evaporate to 
completion. During the reduction process, the color of the solution turned 
from colorless to yellow, followed by a greenish blue thin film [9] which 
served as an indicator for the formation of ReO3 nanocubes. The product was 
washed several times with methanol and vacuum-dried for further 
characterization. The ReO3 nanocubes were stable in air for months.  
ReO3 nanoparticles can be prepared, simply by removing the thin film 
confinement from the system. Briefly, freshly-prepared Re2O7 methanolic 
solution (0.1 mol·dm-3, 500 µL) in a 10-mL round-bottom flask was placed on 
a heater preheated at 250°C for 5 min, which the solvent was completely 
evaporated.  
In the attempts of preparing the ReO3 nanocubes using higher boiling-
point alcohols such as ethanol, 1-propanol, 2-propanol, 1-butanol, t-butanol 
and ethylene glycol under similar reaction condition, the colorless Re2O7 
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solution gradually turned into yellow color during the evaporation of solvent. 
Eventually, a brownish black thin film was obtained, indicating the formation 
of ReO2 instead of ReO3. Introduction of four equimolar of capping agents 
such as PVP and CTAB during the synthesis, the formation of a brownish 
black and colorless thin film was observed respectively, as a result of over-
reduction and complexation with Re2O7 precursor. 
 
3.2.3. Catalytic Photodegradation of Methyl Orange  
In a typical photocatalytic studies, a 2.0 mL aqueous solution of MO (5, 
20, 50 or 60 ppm) was mixed with the ReO3 nanocubes (2 mM) in a glass cell. 
The reaction mixture was then irradiated with a Legrand broadband lamp (400 
– 800 nm) under vigorous stirring. For experiments using lasers, cw solid state 
lasers (Oxxius 532 nm, 30 mW and 640 nm, 30 mW) were used as the 
irradiation source. HCl or Na2CO3 solutions were used to adjust the initial pH 
of the reaction mixture. The progress of photodegradation of MO was 
followed by using a UV-visible absorption spectrometer (Shimadzu UV-2450). 
The reaction can be stopped by turning off the light source. Before sampling 
the aliquots for spectroscopic measurement, the ReO3 nanocubes were 
separated from the reaction mixture via centrifugation.  
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X-ray diffraction (XRD) patterns were recorded from thin film ReO3 
samples supported on glass slide using a SIEMENS D5005 diffractometer (Cu 
Kα λ = 0.15418 nm). SEM and TEM samples were prepared by dropcasting 
suspensions of the ReO3 nanocubes onto a piece of Si wafer and carbon-coated 
copper grid, respectively. SEM images were recorded using a JEOL JSM-
6700F microscope. TEM images were recorded using either a JEOL-2010F 
and JEOL-3010 microscope. Selected-area electron diffraction (SAED) and 
energy dispersive X-ray spectroscopic (EDS) studies were performed during 
TEM imaging. Magnetic characterization was performed using a LakeShore 
7400 VSM vibrating sample magnetometer. 
 
3.3. Results and Discussion 
3.3.1. Characterization of ReO3 Nanocubes and Nanoparticles 
The ReO3 nanocubes have been synthesized via thin film confinement 
between two silicon wafers (Figure 3.1a). The size of the nanocubes was 
measured to be 59 ± 7 nm, based on a sample size of about 1000 (Figure 3.1b). 
If the wafers were removed, ReO3 nanoparticles of average diameters of 20 
nm were observed to have been formed instead (Figure 3.1c).  
The XRD patterns obtained of the ReO3 nanocubes (Figure 3.2a) can 
be indexed to cubic ReO3 with space group Pm-3m (221) (JCPDF #00-033-
1096). The HRTEM images of the ReO3 nanocubes revealed lattice fringes 
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with d-spacings of 3.76Å, corresponding to the (100) plane of cubic ReO3 
(Figure 3.2b). The spotted SAED patterns of the ReO3 nanocubes verified its 
single crystallinity (Figure 3.2c). The EDS analysis also confirmed the Re: O 
elemental ratio of 1: 3 (Figure 3.2d). 
 
 
Figure 3.1. (a) Schematic diagram depicting the experimental setup for a 
typical synthesis of ReO3 nanocubes. (b) SEM image of single-crystalline 
ReO3 nanocubes prepared with thin film confinement using silicon wafers. (c) 
TEM image of ReO3 nanoparticles prepared without thin film confinement in 
a round-bottomed flask. 
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Figure 3.2. (a) XRD patterns of ReO3 nanocubes. (b) HRTEM image of ReO3 
nanocubes showing lattice fringes and TEM image of individual cube (inset; 
scale: 10 nm). (c) SAED patterns and (d) EDS spectrum of ReO3 nanocubes. 
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3.3.2. Proposed Growth Mechanism of ReO3 Nanocubes: Rapid 
Nucleation and Controlled Growth 
The formation of ReO3 nanocubes most probably follows the 
mechanism proposed by LaMer et al. [26]. Nanocubes are believed to 
originate from single crystalline cubooctahedron seeds [27-31]. Under our 
experimental conditions, a high concentration of the Re2O7 precursor in a 
surfactantless and reducing environment results in the fast nucleation of ReO3. 
At the same time, the formation of twin defects was also suppressed [29, 30].  
In addition, thin film confinement in the system ensures slow growth 
of the single crystalline seeds into ReO3 nanocubes by spatially controlling 
and slowing down the supply of Re2O7 precursor onto the seeds [32, 33]. It 
was previously reported that in the preparation of Ag nanocubes, the formation 
of AgCl plays a critical role in the slow release of free Ag+ ions, leading to 
uniform growth of nanocubes [34-36].  
According to Wulff’s theorem [37], a system with a given volume 
tends to minimize the total interfacial free energy γ to establish the most stable 
thermodynamic product. The surface tension of simple cubic crystal is in the 
sequence of γ{100} < γ{110} [38]. Hence the ReO3 nanostructures adopt cubic 
shape in order to maximize the expression of {100} facets and minimize the 
total interfacial energy. With surface activation, the nanocubes can overgrow 
into nanobars and octahedrons [30, 39] which were indeed observed as minor 
products in our sample. In addition, the preparation of ReO3 nanocubes at high 
Chapter 3: Facile Synthesis of Single Crystalline Rhenium Trioxide (ReO3) Nanocubes with 
High Catalytic Efficiency for Photodegradation of Azo Dye 
82 
 
temperature (~250°C) also takes advantage of Ostwald ripening [40] which 
promotes the single crystallinity of the cubes.  
On the contrary, solution phase synthesis without thin film 
confinement resulted in the formation of ReO3 nanoparticles (Figure 3.1c) due 
to rapid nucleation and uncontrolled growth. ReO3 nanoparticle formation was 
also observed in the solvothermal decomposition of Re2O7-dioxane complex 
[13].   
 
3.3.3. Effects of Reducing Agent and Surfactant 
We have found that methanol plays a crucial role in the formation of 
ReO3 nanostructures. It acts as a weak reducing agent preventing over-
reduction of Re2O7 to ReO2. The low boiling point and high volatility of 
methanol also ensure fast crystallization of ReO3. Using higher boiling-point 
alcohols such as ethanol, 1-propanol, 2-propanol, 1-butanol, t-butanol and 
ethylene glycol, brownish black ReO2 were observed as the final product due 
to their relatively strong reducing strength. Introduction of capping agents 
such as PVP and CTAB during the synthesis also resulted in over-reduction 
and complexation with Re2O7 precursor. 
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Figure 3.3. (a) UV-vis absorption spectrum and (b) magnetic hysteresis of 
ReO3 nanocubes measured at 78K. 
 
3.3.4. NIR Absorption and Magnetic Hysteresis of ReO3 Nanocubes 
Due to its metallic nature [3], ReO3 is known to exhibit plasmon 
absorption band at about 520 nm [41]. As reported by Rao et al., a red-shift of 
SPR band from 488 to 543 nm was observed in the SPR band of the ReO3 
nanoparticles with increasing size from 8.5 to 32.5 nm [13]. In the case of the 
ReO3 nanocubes with an average size of 60 nm, the SPR band shows a 
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significant red-shift to 860 nm which is in the NIR region (Figure 3.3a). This 
observation is consistent with the findings of noble metal nanoparticles whose 
plasmon resonant frequencies decrease with increasing particle size [28, 42, 
43]. Accumulation of surface charges at the sharp corners of the nanocubes 
may also have contributed to the red-shift of SPR band [44, 45] since the 
increased charge separation reduces the restoring force for electron oscillation 
hence resulting in a shift of SPR band to lower energy [46]. 
Rao et al. reported ReO3 nanoparticles of sizes 8.5 and 32.5 nm to be 
paramagnetic and diamagnetic respectively [13]. Magnetic susceptibility 
studies carried out on the ReO3 nanocubes revealed their weak paramagnetism 
at room temperature. However a distinct magnetic hysteresis, which arises 
from ferromagnetic interactions among uncompensated spins [13], has been 
observed at 78 Kelvin (Figure 3.3b).  
 
3.3.5. Catalytic Photodegradation of Methyl Orange 
Interestingly, the ReO3 nanocubes were found to be capable of 
catalyzing the photodegradation of methyl orange (MO) upon visible light 
irradiation (Table 3.1, Figure 3.4). A few parameters important in the 
photodegradation process have been investigated here. In particular, the pH of 
the solution plays a critical role in MO photodegradation. The initial pH of the 
solution containing only MO and ReO3 was measured to be 5. However the 
solution becomes more acidic as observed in the slight redshift of the MO 
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peak from 460 to 495 nm during the early stage of the photodegradation 
(Figure 3.4a). The increased acidity is due to the reaction of the ReO3 surface 
with water as shown in equation (1) [47].  
(1 + x) ReO3 + x H2O  ⇄  HxReO3 + x HReO4 (3.1) 
By using HCl or Na2CO3 to adjust the pH of the reaction mixture, our 
studies show that the rate of MO photodegradation decreases in the order of 
pH 5 > pH 1 >> pH 12 (Figure 3.4a, 3.5a).The rate coefficient data given in 
Table 3.1 also shows that the reaction does not take place in the dark or 
without ReO3. At pH 1, the increased adsorption of Cl− and H+ might have 
passivated the surface of ReO3, hence preventing MO from approaching the 
active sites. As a result, the rate of photodegradation was slower under high 
acidity conditions (Figure 3.5a). Additionally, the competition between Lewis 
acidic Re metal center and H+ for MO may also slow down the reaction rate 
(A+ indicates the Lewis acid) according to equation 
(3.2).
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Table 3.1. Table indicating the first-order rate constant, k1, for the catalytic 
photodegradation of MO using ReO3 nanocubes under various conditions. 
Light source [MO]0 (ppm) pH k1 (min-1) 
Legrand 
broadband lamp 





10 1 0.1457 
20 1 0.0419 
30 1 0.0322 











532-nm laser 0.2235 
In dark 0.0009 
 
                                                            
a Under ambient condition 
b Deoxygenated environment 
c With addition of pyrogallol and under deoxygenated environment 
d Without ReO3 nanocatalyst 
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Figure 3.4. (a) UV-vis spectroscopic monitored time profiles for the catalytic 
photodegradation of MO (50 ppm, pH 5). (b) Correlation between the initial 
concentration of MO and the first-order rate constant of the photodegradation. 
 
As the typical dye concentration in wastewater from textile industry is 
between 10 and 50 ppm [48-50], the initial concentration of MO was matched 
to these values and hence varied from 5 to 60 ppm in our investigation. The 
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rate of photodegradation appears to decrease with increasing initial 
concentration of MO (Figure 3.4b). We have attributed this effect simply to 
the increased UV-vis light absorbance at high MO concentration which 
prevented a significant amount of radiation from activating the ReO3 
nanocubes [18, 51, 52]. 
Interestingly, molecular oxygen was identified as one of the essential 
elements for the catalytic photodegradation of MO. In the absence of oxygen, 
the reaction rate was greatly reduced (Figure 3.5a). In the presence of 
pyrogallol, which acts as an oxygen radical scavenger, the rate of 
photodegradation was suppressed further (Figure 3.5a). This observation 
suggests the presence of an oxygen-containing radical species in the solution. 
We have also explored the possibility of MO acting as a sensitizer for 
activating ReO3. In this case, laser excitation using two different wavelengths 
of 532 and 640 nm was used as the irradiation source. From Figures 3.3a and 
3.4a, the 532 nm and 640 nm radiation should be absorbed mainly by MO and 
ReO3 respectively. If sensitization takes place, the photodegradation of MO 
should occur much faster at the former wavelength. However, the results 
revealed the rate of photodegradation was higher when the excitation 
wavelength of 640 nm was used (Figure 3.5b), suggesting that direct 
excitation of ReO3 is essential in the degradation process [17, 53]. 
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Figure 3.5. (a) First-order relationship for the catalytic photodegradation of 
MO (50 ppm): at pH 5 (); at pH 1 (); under deoxygenated environment 
(); with pyrogallol under deoxygenated environment () and without 
catalytst (). (b) First-order degradation of MO catalyzed using aged ReO3 
nanocubes under 640-nm (), 532-nm () laser irradiations, and in dark (). 
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3.3.6. Proposed Mechanism for ReO3 Nanocubes-catalyzed 
Photodegradation of Methyl Orange 
The results obtained so far suggested the catalytic photodegradation 
was initiated when the photoexcited metallic ReO3 generates an electron above 
the Fermi edge which is subsequently captured by adsorbed oxygen [17, 54]. 
The superoxide species reacts with MO in a series of reactions suggested 
below. The reaction pathways indicated here are similar to those proposed for 
the photodegradation process initiated by TiO2 [17, 22, 53]. The mechanism 
below explains our experimental observations which requires light, oxygen 
and at least one oxygen-containing radical species; HO2 for example.  
O2 + e−  O2−● (3.3) 
H2O + [ReO3]+  ●OH + H+ (3.4) 
O2−● + H+  ●OOH (3.5) 
R–H + ●OOH  Degradation products (3.6) 
R–H + ●OH  Degradation products (3.7) 
One major disadvantage of TiO2 nanoparticles in the use for 
photodegradation of dyes is that only UV radiation is absorbed without the use 
of dye sensitizers, hence only about 4% of solar photons can be used to drive 
the TiO2 photocatalyst [55]. With absorption in the UV and NIR regions, the 
ReO3 nanocubes showed excellent efficiency in catalytic photodegradation of 
MO with apparent first-order rate constant (0.8173 min-1) being much higher 
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than that of TiO2 nanotube array [56] (0.143 min-1), anatase TiO2 [57] 
(0.04048 min-1), ZnO nanorod [25] (6.27 × 10-3 min-1), SiO2-coated Au (0.023 
min-1) and Ag (0.035 min-1) nanoparticles [58]. 
 
3.4. Conclusion 
In conclusion, for the first time, we have successfully synthesized 
single crystalline metallic ReO3 nanocubes via controlled reduction of Re2O7, 
using technique of thin film confinement at 250°C. The ReO3 nanocubes 
exhibit characteristic surface plasmon resonance band in the UV and NIR 
regions, besides showing weak paramagnetism at room temperature and 
magnetic hysteresis at 78K. Interestingly, the ReO3 nanocubes have shown 
high activity and efficiency towards photodegradation of methyl orange under 
ambient condition. We have also proposed a mechanism to account for the 
experimental data. 
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Transition metal nanomaterials in the sub-10nm regime have attracted 
tremendous interest due to their fascinating properties [1-4] and wide range of 
applications [5-9], especially in the field of catalysis. In particular, ruthenium 
(Ru) nanoparticles have been widely used as heterogeneous catalysts for the 
hydrogenation of arenes [10-17] and hydrocarbons [18]. Yu et al. used 
polymer-stabilized Ru colloids as catalysts for selective hydrogenation of C=O 
and N=O double bonds [19]. Recently, Dai et al. reported controllable 
hydrogen release achieved via methanolysis of ammonia borane catalyzed by 
montmorillonite-immobilized Ru nanoparticles under ambient temperature 
[20].  
Polyvinylpyrrolidone (PVP)-stabilized Ru nanoparticles [21-25] turn 
out to be an attractive and environmental benign candidate for catalytic studies 
as they are highly dispersible in water and alcohols, therefore the usage of 
organic solvents in catalysis could be minimized [22]. Furthermore, their high 
surface-to-volume ratio and ease of catalyst recovery essentially minimize the 
cost for catalysis. Apart from these advantages, facile one-pot synthesis of the 
Ru nanoparticles via typical polyol process also allows scalable preparation of 
the catalysts. In this work, we seek to study the catalytic activity of PVP-
capped Ru nanoparticles towards two types of dehydrogenative coupling 
reactions, namely oxidative coupling of thiols and hydrolysis of silanes. 
Oxidative coupling of thiols to disulfides is of high importance from 
both biological and synthetic perspectives [26-30]. Disulfides play crucial 
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roles in DNA cleavage, stabilization of protein folding as well as vulcanization 
of rubbers and elastomers. Many conventional oxidants employed for thiol 
coupling reactions, such as molecular oxygen, peroxides, heavy metal oxides 
and ions, halogens and halogenating agents, sulfoxides, nitro and azo 
compounds [29-34], are however extremely toxic and uneconomical. These 
methods usually suffer from long reaction time, tedious workup, over-
oxidation of thiols and use of stoichiometric excess amount of reagents. Thus, 
a milder and more environmental benign approach, such as the use of green 
nanocatalysts, to oxidative thiol coupling is favored. 
Catalytic oxidation of thiol was previously observed on the surface of 
octanethiol-capped Ru nanoparticles, synthesized via decomposition of 
Ru(COD)(COT) (COD = 1,5,-cyclooctadiene; COT = 1,3,5-cyclooctatriene) in 
pressurized H2 atmosphere [24]. However, the thiol coupling requires strict 
anaerobic condition. Recent reports have shown that diamond nanoparticles-
supported Cu nanoparticles [35], CeO2-supported Au nanoparticles under 
pressurized O2 atmosphere (5 bar) [36] and Ni nanoparticles [37] are capable 
of catalyzing aerobic oxidative coupling of aromatic thiols. Yet, the turnover 
frequency (TOF) for aliphatic thiols was much less efficient, especially for the 
first two cases. 
On the other hand, the selective hydrolysis of silanes has attracted 
much attention as silanols are key building blocks for silicon-based polymeric 
materials [38-40] and nucleophilic counterparts in cross-coupling reactions 
[41-44]. The hydrolysis of silanes catalyzed using organometallic complexes 
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typically leads to the formation of disiloxanes [45-51], which results from the 
reaction of silanol with silane as well as condensation of silanols.  
In addition, on account of the relatively weak bond strength of Si–H, 
silanes are excellent source for hydrogen gas production. Our group 
previously reported hydrolysis of silanes catalyzed by dimeric Ru(II) 
complexes, Ru2(CO)L2X2 (L = CO or PPh3; X = Cl or Br), to produce 
hydrogen gas and silanols with turnover number (TON) in excess of 104 under 
room temperature [45]. Despite the high TONs, like most of the homogeneous 
catalyses, the separation and recovery of organometallic complexes from the 
product are generally difficult, destructive and costly. This drawback can be 
essentially solved by the use of nanocatalysts. 
Various homogeneous organometallic complexes based on Co, Ni, Pd, 
Pt or Rh have been used to catalyze hydrosilylation reaction, in which 
alkylsilane is formed via addition of a hydrosilane unit (Si–H) to a C=C 
double bond. Nevertheless, strong evidence has proved that the active species 
were actually metal colloids [52-55]. Recently, John et al. and Asao et al. 
reported oxidation of organosilanes catalyzed by carbon nanotube-Au 
nanohybrids [56] and nanoporous Au [57] respectively. Metal nanoparticles 
supported on aluminum oxyhydroxide (M/AlO(OH), M = Pd, Rh, Au) were 
also reported to be catalytically active towards the hydrolysis of silanes [58].   
Herein, we aim to investigate the catalytic activity of PVP-capped Ru 
nanoparticles towards two types of dehydrogenative coupling reactions. Firstly, 
we demonstrate oxidative thiol coupling reactions catalyzed by the Ru colloids 
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to form respective disulfides with TON of 165 under aerobic conditions. 
Secondly, we report PVP-capped Ru nanoparticles as green and effective 
catalysts for the hydrolysis of silanes to produce selectively silanols and 
hydrogen gas. No disiloxanes or silyl ethers were observed as by-products. 
The turnover frequency was measured to be as high as 220 h−1.  
 
4.2. Experimental Section 
4.2.1. Materials 
Ethylene glycol (99%), 1-butanethiol (98%), 1-octanethiol (98%), 1-
dodecanethiol (DDT, 98%), 1-octadecanethiol (95%), diphenylsilane (Ph2SiH2, 
97%) and triphenylsilane (Ph3SiH, 99%) were purchased from Alfa Aesar. 
Polyvinylpyrrolidone K30 (PVP), cyclohexanethiol (97%), 2-mercaptoethanol 
(≥99.0%), 3-mercaptopropionic acid (≥99%), triethylsilane (Et3SiH, 99%), 
tetrafluoroboric acid (HBF4, 48 wt. % in H2O), benzyl ether (99%) and 
triruthenium dodecacarbonyl (Ru3(CO)12, 99%) were purchased from Sigma-
Aldrich. Ruthenium (III) chloride (RuCl3·nH2O, 99.9%) was purchased from 
Johnson Matthey. Isopropyl alcohol (i-PrO) and ethanol (EtOH) were 
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4.2.2. Synthesis of PVP-capped Ru nanoparticles 
PVP-capped Ru nanoparticles were prepared using polyol reduction 
method previously reported by Yan et al. [23]. Briefly, a 150-mL ethylene 
glycol solution consisting of RuCl3·nH2O (0.15 mmol, 0.0371 g) and PVP (7.5 
mmol, 0.8325 g) was refluxed for 3h under vigorous stirring. The color of the 
solution turned from reddish brown to yellow, then to green and eventually 
dark brown. The gradual color change indicates step-wise reduction of Ru3+ to 
Ru0 and the formation of Ru nanoparticles towards the end. The dark brown 
colloidal solution was then washed several times with acetone and dried under 
vacuum for further characterization. The Ru nanoparticles can be readily 
redispersed in ethanol, isopropyl alcohol or water. The colloidal solution can 
be diluted accordingly with these solvents for catalytic studies. 
 
4.2.3. Synthesis of DDT-capped Ru nanoparticles 
DDT-capped Ru nanoparticles was synthesized via thermal 
decomposition Ru3(CO)12 in the presence of DDT. In brief, a 20-mL benzyl 
ether solution of Ru3(CO)12 (0.1 mmol, 0.0639 g) together with DDT (0.2 
mmol, 48 µL) was refluxed for 2h under N2 atmosphere. The product was 
collected via centrifugation and washed several times with ethanol. The 
purified product can be redispersed in ethanol or isopropyl alcohol for further 
characterization. 
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4.2.4. Oxidative Coupling of Thiols 
In a typical thiol coupling reaction, respective thiol (2 mmol) was 
added to an i-PrOH (0.5 mL) solution containing PVP-capped Ru 
nanoparticles (0.6 mol%) and HBF4 (0.48 mmol). The resultant mixture was 
subsequently heated at 70°C with continuous stirring under ambient 
atmosphere. Control experiments were carried out to investigate the effects of 
the presence of the catalyst, air and acid on the catalytic performance. In order 
to investigate the effect of solvent, oxidative coupling of water soluble thiols 
such as 2-mercaptoethanol and 3-mercaptopropionic acid, was performed in 
either ethanol or deionized water.  
 
4.2.5. Hydrolysis of Silanes 
In a typical catalysis, silane (2 mmol) was placed into an i-PrOH (0.5 
mL) solution containing PVP-capped Ru nanoparticles (0.6 mol%) and 2 
molar equivalent of deionized water (4 mmol). The reaction mixture was then 
heated at 60°C with continuous stirring under ambient temperature. Interesting, 
effervescence of hydrogen gas was observed immediately upon addition of 
silane to the catalytic system. Control experiments were performed to study 
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TEM samples were prepared by dropcasting colloidal solution of the 
Ru nanoparticles onto a carbon-coated copper grid (Mesh 300). TEM images 
were recorded using either a JEOL-2010F and JEOL-3010 electron 
microscope. Energy dispersive X-ray spectroscopic (EDS) studies were 
performed during TEM imaging. X-ray diffraction (XRD) patterns were 
recorded from thin film of Ru nanoparticles supported on glass slide using a 
SIEMENS D5005 diffractometer (Cu Kα λ = 0.15418 nm).  
The progress of the oxidative thiol coupling and hydrolysis of silanes 
was followed using 1H NMR spectroscopy at different time intervals. NMR 
spectra were recorded with Bruker AMX 300 Fourier transform spectrometer 
under room temperature, using CDCl3 as solvent. The chemical shifts were 
referenced to tetramethylsilane. 
4.3. Results and Discussion 
4.3.1. Synthesis and Characterization of PVP-capped Ru nanoparticles 
Ru nanoparticles were synthesized via a one-pot polyol reduction of 
RuCl3·nH2O in the presence of PVP. In this case, ethylene glycol was used as 
both solvent and precursor to the active reducing agent. As discussed in 
Chapter 1, heating ethylene glycol under aerobic condition results in its 
oxidation to glycolaldehyde, which is responsible for the reduction of noble 
metal ions [59].  
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Figure 4.1. (a) TEM and (b) HRTEM images of PVP-capped Ru nanoparticles, 
with FFT analysis of the lattice fringes (inset). 
The average size of the nanoparticles was measured to be 2 nm, based 
on a sample size of 500 particles (Figure 4.1a). In order to measure the 
interplanar distance of the Ru nanoparticles, fast Fourier transform (FFT) 
analysis of the HRTEM image was performed (see inset, Figure 4.1b). The 
HRTEM image revealed lattice fringes with d-spacings of 2.14Å (Figure 4.1b), 
corresponding to hexagonal Ru (002) facet.  
The XRD patterns of the sample (Figure 4.2) can be indexed to 
hexagonal Ru with space group P63/mmc (194) (JCPDF #00-006-0663). The 
XRD results also confirmed that the PVP-capped Ru nanoparticles exposed 
dominantly Ru (002) facets, with respect to the reference powder diffraction 
patterns of hexagonal Ru (Figure 4.2).  
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Figure 4.2. XRD patterns of PVP-capped Ru nanoparticles and DDT-capped 
Ru nanoparticles, with reference to crystallographic data of hexagonal Ru 
(JCPDF #00-006-0663). 
 
4.3.2. Aerobic Oxidative Coupling of Thiols 
The PVP-capped Ru nanoparticles synthesized were found to be 
catalytically active towards oxidative coupling of thiols to form corresponding 
disulfides under ambient atmosphere (Scheme 4.1). As depicted in Table 4.1, 
the TON for the oxidative coupling of 1-butanethiol was measured to be as 
high as 165, with the fastest observed rate constant (kobs) of 18.2 × 10−2 h−1. 
On account of the linear relationship observed between ln ቀ େେబቁ and reaction 
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time (see Figure 4.3), the catalytic thiol coupling was assumed to be first-order 
with respect to the thiol.  
 
Scheme 4.1. Oxidative coupling of thiols to disulfides catalyzed by PVP-
capped Ru nanoparticles under ambient atmosphere. 
Table 4.1. Summary of thiol coupling reaction, using 0.6 mol% PVP-capped 
Ru nanoparticles at 70°C for 24h, of various thiols. 
Entry Thiol Disulfide yield (%) TON
a kobs (10−2 h−1) 
1 1-Butanethiol 
 
100 165 18.2 
2 1-Octanethiol 
(C8H17–SH) 
43 71 2.31 
3 1-Dodecanethiol 
(C12H25–SH) 
25 42 1.20 
4 1-Octadecanethiol 
(C18H37–SH) 
21 36 1.00 
5 Cyclohexanethiol 
 
39 65 2.68 
6 2-mercaptoethanol 
 
43 72 2.37 
Among straight-chain aliphatic thiols studied (entries 1–4, Table 4.1; 
Figure 4.3a), the TON and kobs for the thiol coupling generally increase with 
decreasing alkyl chain length, in the order of: 1-octadecanethiol < 1-
                                                            
a TON calculated as the ratio of number of mole of thiol coupled over Ru catalyst 
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dodecanethiol < 1-octanethiol << 1-butanethiol. It is logical that the relieving 
spatial constraints on the Ru surface as the alkyl chain length decreases 
resulted in the ascending trend observed for the reaction rate.  
 
Figure 4.3. (a) First-order relationship for oxidative coupling of 1-butanethiol 
(), cyclohexanethiol (), 1-octanethiol (▲), 1-dodecanethiol (▼), 1-
octadecanethiol () and 2-mercaptoethanol () catalyzed by PVP-capped Ru 
nanoparticles (b) Magnified plot for the highlighted region in (a). 
Alkanethiols typically adsorb onto the surface of nanoparticles via 
physisorption through van der Waals interactions first, followed by 
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chemisorption though the sulfur headgroup [60, 61]. Studies have shown that 
alkanethiols adsorb on a substrate with alkyl chain lying on the surface at the 
early stage of chemisorption [60, 62].  
Long-chain alkanethiols afford relatively strong van der Waals 
interactions with the particle surface, hence creating a steric barrier for free 
thiol molecules from approaching the active sites. This also resulted in a lower 
surface coverage θ, and essentially decelerated the reaction. Upon reaching a 
certain alkyl chain length, this spatial effect became less significant as 
observed from the similar kobs of 1-dodecanethiol and 1-octadecanethiol 
(entries 3–4, Table 4.1; Figure 4.3b). 
Moreover, in contrast with 1-butanethiol and 1-octanethiol, the 
relatively low TON displayed by cyclohexanethiol is most likely due to the 
steric effect on the surface of Ru nanoparticles (Table 4.1). Cyclic alkanethiols 
possess a more rigid structure and greater cone angle as compared to their 
linear counterparts. Once adsorbed on the ruthenium surfaces, the 
cyclohexanethiol molecule causes steric shielding effect, limiting the 
adsorption of free substrates from the reaction mixture.  
Interestingly, in the presence of a second functional group on the thiols, 
the system is likewise catalytic and chemo-selective (entry 6, Table 4.1; 
entries 7–9, Table 4.2). No cross-coupling products were detected; and the 
surface of the nanoparticles was not poisoned by the second functional group. 
Despite a shorter alkyl chain length, 2-mercaptoethanol presented a lower 
TON as compared to 1-butanethiol. This could be attributed to the competition 
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between –SH and –OH functional groups for the active sites on the surface of 
ruthenium nanoparticles, in the context of statistical thermodynamics. Similar 
outcome was also observed in the case of 3-mercaptopropionic acid. 
It is widely recognized that capping agents play an important role in 
the synthesis of metal nanoparticles. Strategic choice of capping agents allows 
the design of metal nanostructures with controllable size, shape, optical and 
chemical properties, as well as dispersity in different types of solvents for a 
wide range of applications [63-65]. PVP provides stabilization for metal 
nanoparticles through steric bulkiness of its framework as well as via hemi-
labile binding to the particle surface through heteroatoms [65]. These two 
characteristics make PVP an excellent candidate as capping agents for 
transition metal nanocatalysts.  
In this work, the surface of the Ru nanoparticles was stabilized by PVP, 
rendering them hydrophilic in nature. This explained the noticeably high kobs 
for 1-butanethiol as compared to other aliphatic thiols investigated. Among the 
alkanethiols tested, 1-butanethiol is the only substrate with appreciable 
solubility in water, while the rest are totally insoluble in water due to the 
hydrophobic nature of longer alkyl chain. On account of its greater miscibility 
at the vicinity of the Ru surfaces, the kobs of 1-butanethiol is higher than the 
rest by a factor of more than 7 (entry 1, Table 4.1; Figure 4.3a). 
Furthermore, PVP-capped Ru nanoparticles are more dispersible in 
water than in ethanol. To study the effect of solvents on the catalytic 
performance, control experiments using water-soluble thiols, particularly 2-
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mercaptoethanol and 3-mercaptopropionic acid, were carried out in deionized 
water and ethanol. The results showed an improved disulfides yield by a factor 
of 1.5 times when the catalysis was carried out in aqueous solution (entries 7–
10, Table 4.2) over a concourse of 6h. The enhancement observed could be 
explained by the appreciably improved homogeneity of the catalysts in 
aqueous environment. 
Table 4.2. Summary of control experiments for the oxidative thiol coupling 
catalyzed by 0.6 mol% PVP-capped Ru nanoparticles at 70°C for 6h. 
Entry Thiol Disulfide yield (%) TONa 
1 1-Butanethiol 35 58 
2 1-Butanethiolb 0 0 
3 1-Butanethiolc 2.7 4.5 
4 1-Butanethiold 15 25 
5 1-Butanethiole 4 6 
6 1-Dodecanethiole 0 0 
7 2-mercaptoethanol 17 28 
8 2-mercaptoethanolf 20 33 
9 3-mercaptopropionic acid 
 
25 42 
10 3-mercaptopropionic acidf 29 48 
                                                            
a TON calculated as the ratio of number of mole of thiol coupled over Ru catalyst 
b Without Ru nanocatalysts 
c Deoxygenated environment 
d Without addition of HBF4 
e Catalyzed by DDT-capped Ru nanoparticles synthesized via thermal decomposition of 
Ru3(CO)12 in the presence of 1-dodecanethiol 
f Solvent: Deionized water 
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In order to study the plausible mechanism for the thiol coupling, other 
control reactions were conducted. In the absence of the Ru nanocatalysts, no 
catalytic activity was observed (entry 2, Table 4.2). Additionally, molecular 
oxygen was identified as one of the essential elements for the catalytic thiol 
coupling reaction. In the absence of oxygen, the rate of reaction was 
drastically reduced, and the disulfide yield was diminished by a factor of 13 
times (entry 3, Table 4.2). Molecular oxygen essentially acts as an electron 
sink in the catalysis. 
Moreover, in the absence of HBF4, the disulfide yield was also greatly 
decreased (entry 4, Table 4.2). Corma et al. previously reported that the 
formation of diphenyl disulfide was completely inhibited in the presence of 
NaOH, in the case of thiol coupling reactions catalyzed by CeO2-supported Au 
nanocatalysts [36]. Similarly, in our case, HBF4 effectively quenched any 
possible OH− ions and thiolate species (RS−) present in the reaction mixture. 
Therefore the possibility that one-electron transfer from a RS− species to an 
electron acceptor [66], such as molecular oxygen, can be ruled out from the 
mechanism. 
Based on the findings, a plausible reaction mechanism for the 
oxidative coupling of thiols catalyzed by PVP-capped Ru nanoparticles has 
been proposed (Scheme 4.2). The thiol coupling reaction is believed to involve 
oxidative addition of thiols onto the Ru surface, followed by a reductive 
elimination to form disulfides.  
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Scheme 4.2. Proposed plausible mechanism for PVP-capped Ru nanoparticles 
catalyzed oxidative coupling of thiols to disulfides, with molecular oxygen as 
oxidant. 
At first, thiol molecule (RSH) adsorbs onto the Ru surface, inducing an 
oxidative addition to give [Ru–SR] and [Ru–H] species on the particle surface. 
The assembly of two adjacent thiyl radicals will then take place on the metal 
surface, leading to possible formation of the corresponding disulfide (RS–SR) 
and the regeneration of unsaturated Ru0 catalyst. On the other hand, the [Ru–H] 
intermediate will reduce molecular oxygen O2 to regenerate the Ru0 catalyst, 
hence closing up the catalytic cycle. Under anaerobic conditions, the electron 
transfer from the [Ru–H] intermediate to O2 is limited. Thus, the disulfide 
yield was found to be substantially reduced (entry 3, Table 4.2).  
As discussed, the PVP-stabilized Ru nanoparticles used for catalysis 
were hydrophilic in nature. In order to expand the catalytic system for other 
hydrophobic thiols, 1-dodecanethiol (DDT)-capped Ru nanoparticles have 
been prepared via thermal decomposition of Ru3(CO)12 in the presence of 
DDT. Nevertheless, the disulfide yield was found to be reasonably lower 
(entries 5–6, Table 4.2) than that catalyzed by PVP-capped Ru nanoparticles. 
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Comparing the XRD patterns of DDT-capped Ru nanoparticles and 
PVP-capped Ru nanoparticles (Figure 4.2), the particles stabilized by PVP 
revealed exposure of primarily hexagonal Ru (002) plane, while DDT-
stabilized particles showed a mixture of hexagonal Ru (100), (002), (101) and 
(110) planes. Hence, it is logical that the predominant hexagonal Ru (002) 
facets on the PVP-capped Ru nanoparticles are likely to be responsible for the 
catalysis. Moreover, the steric shielding effect arisen from the compact 
monolayer of 1-dodecanethiols on the Ru surface may also effectively 
passivate the active sites. As a result, a significantly lower disulfide yield and 
TON were observed. 
 
4.3.3. Hydrolysis of Silanes 
The PVP-capped Ru nanoparticles were also found to be highly 
efficient towards catalytic hydrolysis of silanes to produce corresponding 
silanols and hydrogen gas. The hydrolysis of different silanes has been carried 
out. The results were summarized in Table 4.3. The hydrolysis of Et3SiH 
afforded silanol yield of 99% in merely 45 min, with TOF of 220 h−1 (entry 1, 
Table 4.3). Interesting, effervescence of hydrogen gas was detected 
immediately upon addition of silane into the catalytic system, even under 
ambient condition.  
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Scheme 4.3. Hydrolysis of silanes catalyzed by PVP-capped Ru nanoparticles 
to form silanols and hydrogen gas. 
Table 4.3. Summary of hydrolysis of various silanes catalyzed using PVP-
capped Ru nanoparticles at 60°C. 
Entry Silane Time (min) kobs (h
−1) Silanol yield (%) TON
a TOF (h−1) 
1 Et3SiH 45 4.91 99 165 220 
2 Ph2SiH2 45 2.60 84 140 187 
3 Ph3SiH 300 0.0309 12 20 4 
4 Et3SiHb 300 0.159 56 93 18.6 
5 Et3SiHc 45 – 0 0 0 
6 Et3SiHd 45 – 99 165 220 
As indicated in Table 4.3, an increase in reaction rate was observed 
with decreasing steric bulkiness on the silane molecule (entry 1-3, Table 4.3). 
This could be explained by the spatial requirement for the oxidative addition 
of Si–H bond onto the surface of the Ru nanoparticles. It is apparent that 
Ph3SiH is the most sterically hindered silane examined. Consequently, the 
lowest kobs of 3.09 × 10−2 h−1, which is 159-fold lower than that of Et3SiH, was 
obtained. Similar trend was also observed for the hydrolysis of silanes 
catalyzed by nanoporous Au [57], AlO(OH)-supported Pd nanoparticles [58] 
and Pt nanoparticles [67]. 
                                                            
a TON calculated as the number of moles of silane hydrolyzed over Ru catalyst 
b Solvent: Deionized water 
c Without Ru nanocatalysts 
d Deoxygenated environment 
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To investigate the plausible mechanism for PVP-capped Ru 
nanoparticles catalyzed the hydrolysis of silanes, several control experiments 
have been carried out. During the optimization of the reaction condition, 
deionized water was used as solvent instead of isopropyl alcohol. The reaction 
mixture appeared to be a milky emulsion. As expected, the silanol yield only 
reached 56% after heating for 5h, with kobs of 0.159 h−1 (entry 4, Table 4.3). 
Since the PVP-capped Ru nanoparticles were preferentially more dispersive in 
aqueous solution, it is believed that the hydrolysis only took place at the 
Et3SiH-water interfaces in this case. Hence a considerably lower TOF and kobs 
were observed.  
Moreover, in the absence of the Ru catalysts, no hydrolysis of silanes 
was recorded (entry 5, Table 4.3). It is also evident that the hydrolysis of 
silanes is still feasible with comparable TON and TOF, regardless of whether 
the catalysis was conducted in aerobic or anaerobic atmosphere (entry 1, 6, 
Table 4.3). The results suggest that molecular oxygen is not necessary, and 
most probably is not involved in the mechanism.  
In addition, it is noteworthy that the hydrolysis of silanes catalyzed by 
PVP-capped Ru nanoparticles produced selectively silanols and hydrogen gas. 
Neither disiloxanes nor silyl ethers were detected as by-products. The 
hydrolysis of silanes catalyzed using organometallic complexes generally 
leads to the formation of disiloxanes [45-51], which results from the reaction 
of silanol with silane as well as condensation of silanols. Jeon et al. also 
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reported the formation of disiloxanes as by-products using AlO(OH)-
supported metal nanocatalysts [58].  
 
Scheme 4.4. Proposed plausible mechanism for the hydrolysis of silanes 
catalyzed by PVP-capped Ru nanoparticles (not drawn to scale). Note: 
Capping PVP molecules are not illustrate 
As illustrated in Scheme 4.4, we propose a plausible mechanism that 
could account for general features of the experimental data for the catalytic 
hydrolysis of silanes. The first step involves adsorption and activation of Si–H 
bond onto the Ru surface, forming [Ru–SiR3] and [Ru–H] species on the 
surface. The activated species then react with water in a nucleophilic addition 
fashion to form silanol and hydrogen gas. This explained why neither 
disiloxane nor silyl ether was produced, since the R3SiO– and i-PrO– groups 
are much bulkier than H– of water molecule. The strong steric demand 
resulted in the chemo-selective formation of silanols and hydrogen gas. 
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In conclusion, PVP-capped Ru nanoparticles have been demonstrated 
as green and effective catalysts for the oxidative coupling of thiols as well as 
hydrolysis of silanes. TONs as high as 165 can be achieved for both types of 
dehydrogenative coupling reactions. The catalytic thiol coupling reactions can 
be carried out under aerobic conditions, without over-oxidizing the thiols. In 
general, the rate of thiol coupling increased with decreasing alkyl chain length 
for aliphatic thiols. In addition, chemo-selective formation of silanols has been 
achieved from the hydrolysis of silanes with TOF of 220 h−1. Generally, the 
reaction rate increased with decreasing steric bulkiness on the silane molecule. 
The high catalytic efficiency for environmental benign silanol formation and 
hydrogen production may lead to potential applications. Plausible mechanisms 
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5.1. Introduction  
Functionalized nanoparticles possess a wide range of interesting 
properties which render them potential applications in diverse areas such as 
chemical sensing [1,2], biological processes [3,4] and catalysis [5,6]. These 
properties are influenced by the characteristics of the capping agents adsorbed 
on the surfaces. Gold nanoparticles functionalised with ω-bromoalkanethiolate 
or 6-mercapto-1-hexanol ligands, for instance, have been known to react with 
alkylamines and trifluoroacetic acid molecules respectively [7,8]. 
The capping agents encountered have been largely confined to organic 
species although some attention have been given to nanoparticles 
functionalized with transition metal complexes in asymmetric synthetic 
reactions [9-11]. By far, most of the work carried out on inorganic capping 
agents have been restricted to only the syntheses and spectroscopic 
characterization of metal carbonyl complexes containing osmium, chromium 
and ruthenium [12,13] attached on either silver or gold surfaces.  
Considering that many transition metal carbonyl complexes especially 
ruthenium complexes are used widely in catalysing organic reactions with 
high turnover numbers (TONs), one would hope to explore and develop 
organometallic complexes-capped nanoparticles much further as potent 
catalysts. Ruthenium carbonyl complexes have been known to catalyse a 
variety of organic transformations especially Markovnikov and anti-
Markovnikov additions of carboxylic acids [14-16] and amines [17-19] onto 
terminal alkynes. In this work, we seek to investigate the catalytic properties 
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of silver nanocubes and nanospheres capped with catalytically-active 
ruthenium carbonyl complexes.  
Sulfur-bridged ruthenium carbonyl oligomers of general formula 
[Ru2(SR)4(CO)4]n will be used as the catalytic precursors since their 
derivatives have been shown to be efficient for catalyzing the addition of 
carboxylic acids onto alkynes [14,15]. We chose 3-mercaptopropionic acid 
(MPA) as the ligand of choice because it is known that MPA preferentially 
reacts with Ru3(CO)12 via its thiol (SH) group [20] thus rendering its 
carboxylate (COOH) group on the other end of the molecule free for binding 
to Ag surfaces. Hence MPA molecules serve as effective linkages between the 
ruthenium carbonyl oligomers and nanoparticles. Two catalytic processes will 
be studied: hydrocarboxylation and hydroamination onto terminal alkynes. In 
addition, we also hope to elucidate the function of the cubic and spherical 
silver cores by observing the effect of the catalysis has on its size and shape.  
In this work, we will show that the ruthenium oligomers attached on 
the Ag nanocubes and nanoparticles can serve as much more efficient catalysts 
for hydrocarboxylation addition onto terminal alkynes compared to the free 
oligomeric counterparts. 
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5.2. Experimental Section 
5.2.1. Materials 
Triruthenium dodecacarbonyl (Ru3(CO)12, 99%), copper (II) chloride 
(CuCl2, 97%), polyvinylpyrrolidone (PVP, MW ~10,000), anhydrous ethylene 
glycol (EG, 99.8%), N-methylaniline (C6H5NH(CH3), 98%), phenylacetylene 
(PhC≡CH, 98%) and benzoic acid (Ph-COOH, 99%) were purchased from 
Sigma-Aldrich. Silver nitrate (AgNO3, 99.5%) and 3-mercaptopropionic acid 
(HSCH2CH2COOH,  99.0%) were purchased from Fluka. Sodium 
borohydride (NaBH4, 98%) and glacial acetic acid (CH3COOH, 100%) were 
purchased from Strem Chemicals and Merck respectively. Ru3(CO)12 was 
recrystallized before use, while other chemicals were used as received. The 
solvents used were deionised water, toluene (AR grade) and ethanol (AR 
grade). 
 
5.2.2. Preparation of [Ru2(MPA)4(CO)4]n Oligomer 
The synthesis of [Ru2(MPA)4(CO)4]n oligomer was modified from the 
reaction of triruthenium clusters with bifunctional ligands previously reported 
by Leong et al. [20]. Briefly, toluene (15 ml) containing 3-mercaptopropionic 
acid (MPA, 310 M) and triruthenium dodecacarbonyl (Ru3(CO)12, 4102  M) 
was purged with nitrogen gas for 10 min. The mixture was then heated at 
80 °C under N2 atmosphere for 6 hours. The Ru carbonyl oligomer product 
formed was collected by centrifugation and resuspended in toluene. The 
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process was repeated twice to remove the excess MPA. The product was 
collected and dried under vacuum.  
 
5.2.3. Preparation of [Ru2(MPA)4(CO)4]n-capped Ag Nanoparticles 
Freshly prepared aqueous sodium borohydride (NaBH4, 1104  M, 5 
ml) was added dropwise to 15 ml of a water-ethanol mixture containing silver 
nitrate (AgNO3, 210 M) and 10 mg of the dried [Ru2(MPA)4(CO)4]n product 
under vigorous stirring in an ice-water bath. The black precipitate obtained 
was collected by centrifugation and washed several times with ethanol before 
drying under vacuum. 
 
5.2.4. Preparation of [Ru2(MPA)4(CO)4]n-capped Ag Nanocubes 
Typical synthesis of Ag nanocubes is based on the CuCl2-mediated 
polyol process for rapid synthesis of Ag nanowires previously reported by Xia 
et al. [21], with slight modification. Ethylene glycol (5.00 ml) was preheated 
(Toil bath = 157 ˚C) for 1 h under fast magnetic stirring followed by addition of 
CuCl2 solution (4.0 mM, 40 μl, 16 nmol). The solution was then heated for an 
additional 15 min before PVP solution (0.147 M, 1.50 ml, 22.1 mmol) and 
AgNO3 solution (0.094 M, 1.50 ml, 14.1 mmol) were injected dropwise (0.4 
ml/ min) into the preheated solution. The resultant solution was then heated 
for an hour. The reaction was quenched by cooling the round-bottom flask (rbf) 
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in water bath. The resulting Ag nanocubes were washed once with acetone and 
thrice with deionised water. The purified product can be redispersed in 
deionised water for further characterisation.  
Ru2(MPA)2(CO)4 (13 mg, 31 μmol), dissolved in deionized water/ 
ethanol (2: 3) solvent pair, was added to the purified Ag nanocube solution 
(2.0 ml, 40 μmol) under vigorous stirring. The resulting mixture was 
ultrasonicated (Twater bath = 40 ˚C) for 3 h. The product was washed thrice with 
ethanol, several times with deionised water and was redispersed in deionised 
water for characterisation. 
 
5.2.5. Catalysis 
For hydrocarboxylation, a 1:10 molar ratio of alkyne (0.24 ml) and 
carboxylic acid (1.25 ml), followed by deionised water (0.10 ml) were added 
into a reaction flask under inert atmosphere. The reaction mixture was heated 
at 80 °C for 24 hours. For hydroamination, a 1:10 molar ratio of alkyne (0.10 
ml) and amine (1.00 ml) was heated at 110 °C under inert atmosphere for 24 
hours. All reactions used the same quantity of [Ru2(MPA)4(CO)4]n complex (3 
mg) or [Ru2(MPA)4(CO)4]n-Ag nanostructures (3 mg) nanostructures for 
catalysis.  
For product quantification, a known amount of tert-butylbenzene was 
added to the final reaction mixture as reference, prior to 1H NMR sampling. 
An aliquot of the mixture was removed and dissolved in CDCl3. The amount 
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of catalytic products could be quantified by comparing their relative 
integrations with respect to that of the reference using a 1H NMR (300 MHz, 
Bruker) spectrometer (CDCl3 solvent). The TONs of hydrocarboxylation and 
hydroamination were determined at the end of the catalysis. Both 
[Ru2(MPA)4(CO)4]n-capped nanoparticles and nanocubes could be recovered 
(approximately 95% yield) using centrifugation (4000 rpm) for 20 minutes. 
The deposited particles were then removed and dried in vacuum. The particles 
were then reused for catalysis in the same way for up to five times. 
5.2.6. Instrumentation and Measurement 
Surface plasmon absorptions of the Ag nanostructures were detected 
using a UV-visible absorption spectrometer (Shimadzu UV-2450). TEM 
images (JEOL-2010) were taken from direct sampling of the solution on 
carbon-coated copper grids. Solid infrared spectra of the samples dispersed in 
KBr pellets were recorded on a Shimadzu IR Prestige-21 Fourier-Transform 
infrared (FTIR) spectrometer. Solution IR spectra were recorded in a solution 
cell with CaF2 windows and 0.1 mm pathlength, on the same spectrometer. 1H 
NMR spectra were recorded as CDCl3 solutions on Bruker AMX 300/ 500 
Fourier Transform Spectrometer at room temperature; chemical shifts were 
referenced to tert-butylbenzene and product yields were calculated using it as 
an internal standard. 
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5.3. Results and Discussion 
5.3.1. Characterization of Nanocore 
The formation of Ag nanocubes and nanoparticles can be readily 
verified by UV-visible spectroscopy because of their distinct surface plasmon 
absorption bands in the visible region. As shown in Figure 5.1a, the surface 
plasmon absorption of [Ru2(MPA)4(CO)4]n-capped nanoparticles is centred at 
380 nm. The shape of the band resembles that of the Ag nanoparticles 
stabilized by α-cyclodextrin reported earlier [22]. The TEM image revealed 
aggregation of the particles with a size distribution of 22 ± 3 nm diameter 
measured over a collection of 500 particles. The aggregration upon deposition 
on the TEM copper grid is expected because of the presence of free carboxyl 
(COOH) groups of the MPA molecules giving rise to hydrogen bonding 
interactions between nanoparticles.  
 
Figure 5.1. (a) UV-visible spectrum and (b) TEM image of 
[Ru2(MPA)4(CO)4]n-capped Ag nanoparticles. 
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Figure 5.2. (a) UV-visible spectrum and (b) SAED patterns of 
[Ru2(MPA)4(CO)4]n-capped Ag nanocubes. TEM images of the nanocubes (c) 
before and (d) after catalysis. 
In contrast, the silver nanocubes are larger and based on the TEM 
image, the average length of the nanocubes synthesized in this work is 200 nm 
(Figure 5.2c). The UV-visible spectrum of Ag nanocubes showed several SPR 
absorption bands due to the dipolar and multipolar excitations around 300 to 
500 nm, while the broad band around 600 nm comes from light scattering 
effects [23,24]. These nanocubes are single-crystalline with mainly (100) 
facets as evidenced from the selected area electron diffraction (SAED) 
patterns (Figure 5.2b).  
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5.3.2. IR Features 
The incorporation of the Ru carbonyl complexes onto a nanoparticle 
can be verified quantitatively by the presence of characteristic absorption 
bands that correspond to their intense Ru carbonyl stretching vibrations in the 
FTIR spectrum. MPA molecules are known to utilise only the thiol (SH) 
groups for reaction with Ru3(CO)12 to form Ru carbonyl oligomers of formula 
[Ru2(MPA)4(CO)4]n (Figure 5.3a) [20,25.26]. Hence the oligomers still 
possess free carboxyl groups which can readily bind to Ag or Au surfaces 
during nanoparticle formation.  
Figure 5.3b(i) shows the IR spectrum of the [Ru2(MPA)4(CO)4]n-
capped Ag nanoparticles. The bands at 2035, 1967 and 1924 1cm  resemble 
the previously reported Ru-CO bands of Ru carbonyl carboxylate shells found 
to encapsulate Au nanoparticles [9]. The bands around 1640, 1561 and 1398 
1cm cannot be due to MPA ligands of the Ru carbonyl oligomers adsorbed on 
the nanoparticles because these ligand signals are weaker relative to the Ru-
CO bands as seen from the IR spectrum of the free [Ru2(MPA)4(CO)4]n 
oligomers (Figure 5.3b(iii)). Instead the absorption bands at 1561 and 1398 
cm-1 correspond to the asymmetric and symmetric OCO stretching modes and 
the 1640 1cm  band to the C=O stretching vibration of the carboxylate groups 
of excess MPA molecules adsorbed on the Ag nanoparticle surface [9]. The 
assignment of bands for the [Ru2(MPA)4(CO)4]n-capped nanocubes (Figure 
5.3b(ii)) is similar to that of the Ag nanoparticles described above.  
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Figure 5.3. (a) Schematic for formation of Ru carbonyl oligomers from the 
reaction between Ru3(CO)12 and MPA. Infrared spectra of (b)(i) 
[Ru2(MPA)4(CO)4]n-capped Ag nanoparticles (b)(ii) [Ru2(MPA)4(CO)4]n-
capped Ag nanocubes (3 mg) and (b)(iii) free [Ru2(MPA)4(CO)4]n complexes 
(0.2 mg). 
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By comparing the intensities of the Ru-CO bands around 2000 cm-1 
and the MPA bands around 1350 to 1650 cm-1, the concentration ratio of 
adsorbed Ru carbonyl oligomers to adsorbed MPA molecules can be estimated.  
After calibrating the intensities of the vibrational bands with known 
concentrations of both oligomer and MPA, the ratio has been determined to be 
1: 170 and 1: 250 for the Ag nanoparticles and nanocubes respectively. Thus a 
significant area of the nanoparticle surface is covered with MPA rather than 
with the Ru carbonyl oligomers.  
From the infrared spectra, we have also noted that for the same mass of 
nanoparticles and free molecular Ru oligomers (3 mg each, for example), the 
intensities of the adsorbed Ru carbonyl signals are much weaker by 50 and 60 
times for the Ag nanoparticles and nanocubes respectively, compared to those 
due to the free molecular Ru oligomers. This discrepancy is not unexpected 
since most of the mass of the nanoparticles is made up of the metal atoms 
rather than the surface molecules.  
 
5.3.3. Catalytic Studies 
Hydrocarboxylation of phenylacetylene using acetic acid or benzoic 
acid has been carried out in an acetic acid-water mixture in the presence of 
[Ru2(MPA)4(CO)4]n-capped nanostructures or free ruthenium oligomers as the 
catalyst. Both detection and quantification of the organic products have been 
carried out using 1H NMR spectroscopy. The results were summarised in 
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Table 5.1. The reaction proceeded to yield both Markovnikov and anti-
Markovnikov products, with a preference for the E-enol ester isomeric product. 
No products have been observed in the absence of ruthenium either in the free 
or adsorbed state. 
TON has been used to compare the efficiency of the various forms of 
catalysts used. TON in our case is defined as the amount of products (in mol) 
produced divided by the amount of ruthenium catalyst (in mol). Upon 
comparing the turnover numbers of hydrocarboxylation in Table 5.1, it is 
evident that for the same mass, the nanoparticles are much more efficient 
catalysts than the free Ru carbonyl oligomers. This is despite a significantly 
smaller number of [Ru2(MPA)4(CO)4]n oligomers found on the nanoparticles 
than for a pure [Ru2(MPA)4(CO)4]n sample of the same mass, as mentioned 
earlier. 
Enhancement of TON of up to 33 times (compare entries with TON 
6000 vs 180 in Table 5.1) for hydrocarboxylation has been found. In order to 
verify that TON is an appropriate measure of the catalytic efficiency, we have 
also varied the concentration of ruthenium oligomers (0.4 mg to 8 mg, see 
Table 5.1) to catalyse the hydrocarboxylation process for the same period of 
time. An approximate linear relationship between the no of moles of catalyst 
with the product yield has been determined which leads to similar TON for all 
the concentrations used.  
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Scheme 5.1. Hydrocarboxylation of phenylacetylene catalyzed by 
[Ru2(MPA)4(CO)4]n oligomer-capped Ag nanostructures to form E-isomer, Z-
isomer and germinal products. 
Table 5.1. Data for hydrocarboxylation of phenylacetylene with acetic acid-
water mixture and comparison with hydroamination with N-methylaniline. 
R group Catalystb Mass 
(mg) 
Ratio   
E : Z : Gem 
TONa 
CH3 [Ru]n-capped Ag Nanoparticles 3 13: 7: 1 6000 
[Ru]n-capped Ag Nanocubes 3 2: 1: 0 5200 
[Ru]n 3 7: 3: 1 180 
 [Ru]n 1 6.5: 3: 1 150 
 [Ru]n 0.4 6.8: 2.8: 1 220 
 [Ru]n 0.06 - 0 
Ph [Ru]n-capped Ag Nanoparticles 3 12: 7: 1 5300 
[Ru]n-capped Ag Nanocubes 3 3.6 : 2: 1 5000 
[Ru]n 3 3.4: 2: 1 220 
Hydroamination 
(amine = HN(Me)Ph) 
[Ru]n-capped Ag Nanoparticles 3 - 0 
[Ru]n-capped Ag Nanocubes 3 - 0 
[Ru]n 3 0 : 0 : 1 4 
a TON is determined as the total number of moles of product (after 24 h for 
hydrocarboxylation and hydroamination)/number of moles of Ru catalyst used initially.  
b[Ru]n=[Ru2(MPA)4(CO)4]n 
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Furthermore, it was mentioned earlier that ruthenium oligomers 
adsorbed on Ag nanoparticles of 3 mg mass make up only 1/50th of the total 
mass. When the same amount of free Ru oligomers i.e. 0.06 mg were used to 
catalyse hydrocarboxylation, we failed to see any NMR signals of the products 
over the same period presumably due to the very low product yield.  
We propose an explanation for the much-improved hydrocarboxylation 
catalysis rate by [Ru2(MPA)4(CO)4]n–capped Ag nanoparticles or nanocubes 
(Fig. 4). The presence of a large excess of the acid and alkyne substrates 
around the nanoparticles in the reaction mixture promotes ligand exchange 
between the substrates and the MPA molecules adsorbed on the surfaces of the 
particles. Both substrates that adsorb in close proximity to the 
[Ru2(MPA)4(CO)4]n oligomers already on the surface can therefore undergo 
effective surface reactions to give the hydrothiolation products. The remaining 
acid and alkyne molecules in the reaction mixture continue to diffuse towards 
the nanoparticles to occupy the freed sites on their surfaces and the catalytic 
process repeats itself.  
In essence, the enhancement of the catalytic rate is due to the 
adsorption of the substrates in close proximity to the [Ru2(MPA)4(CO)4]n 
oligomers on the nanoparticles. We believe that the common ‘platform’ 
provided by the nanoparticle surface does indeed accelerate the reaction 
significantly.   
The notion of substrate adsorption on nanoparticle surface is further 
supported by the results attained for the hydroamination of phenylacetylene 
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[17]. The reverse effect is observed whereby hydroamination is only 
successful using the free ruthenium oligomer which gave a TON of 4. The 
absence of any catalytic effect in hydroamination is attributed to the much 
reduced likelihood of the N-methylaniline substrate molecule adsorbing on a 
nanoparticle surface.  
 
Figure 5.4. Schematic diagram illustrating the surface reactions that may lead 
to rate enhancement of alkyne hydrocarboxylation catalysed by 
[Ru2(MPA)4(CO)4]n-capped Ag nanostructures. 
 
Unlike thiols, acids or even aliphatic amines, aromatic amines do not 
interact strongly with Ag or Au surfaces owing to the delocalisation of the 
lone pair of electrons on the nitrogen atom into the phenyl ring which renders 
the electron pair less available for direct interaction with the nanoparticle. This 
interaction, which also requires the orientation of the phenyl ring to be flat 
with respect to the nanoparticle surface, is sterically demanding and hence 
disfavoured.    
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The hydrocarboxylation reactions were observed to give comparable 
E-isomer to Z-isomer to geminal product ratios regardless of the type of 
catalyst used.  This observation suggests that the enhancement in catalytic 
rates of the addition reactions is predominantly the outcome of the kinetically-
driven ligand exchange process discussed earlier and not vastly influenced by 
electronic effects.  
It was also observed from TEM images that the shape and size of the 
nanostructures especially those of the Ag nanocubes were preserved after 
catalysis (see Figure 5.2d).  Thus it is likely that the metal core acts mainly as 
the docking site for the reactants to come together rather than the core 
participating directly in the catalysis. Furthermore, both nanoparticles and 
nanocubes appear to be equally effective in catalysis when their respective 
TON numbers were compared. The fact that the shape and size play only a 
minor role in the catalysis has its advantage. This will greatly reduce the effort 
of having to prepare nanostructures of precise shapes and sizes precisely for 
use in catalysis.  
The powder XRD pattern of [Ru2(MPA)4(CO)4]n-capped Ag 
nanocubes revealed slightly higher expression of Ag (111) facets after 
catalysis (Figure 5.5). Ag nanostructures afford a face-centered cubic (fcc) 
crystal structure. For any fcc system, the interfacial energy of different facets 
is in the order of: γ{111} < γ{100} < γ{110}. Therefore the heating process during 
the catalysis promotes the transformation of sharp nanocubes to truncated 
nanocubes, which are thermodynamically more stable. 
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Figure 5.5. Powder XRD patterns of [Ru2(MPA)4(CO)4]n-capped Ag 
nanocubes (a) before and (b) after catalysis.  
Ru carbonyl-functionalized nanostructures could be a promising 
alternative to the pure Ru carbonyl catalyst since they can substantially reduce 
the severity of leaching problem experienced by the latter in catalysis; a 
distinctly lesser amount of Ru is found on the nanoparticles than in a pure 
catalyst sample of the same mass. Moreover, the catalytic activity of the 
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nanoparticles is not compromised with a lower concentration of the Ru 
carbonyl oligomers and is in fact determined to be much higher than that 
observed for the pure catalyst of the same mass. Furthermore, the nanoparticle 
catalysts can be simply separated from the reaction mixture via centrifugation 
whereas separation of the pure catalyst from the organic products is often 
faced with difficulties. 
 
5.4. Conclusion 
We have shown that [Ru2(MPA)4(CO)4]n-capped nanoparticles and 
nanocubes can be successfully synthesized and capable of catalyzing 
hydrocarboxylation of terminal alkynes at rates that are enhanced as much as 
several tens of times that observed for their catalytic precursor. The shape and 
size of both types of nanostructures are retained even after catalysis. 
Furthermore, the nanostructure catalysts can be easily recovered from the 
reaction mixtures by simple centrifugation. Such organometallic-capped 
nanoparticles may find potential applications in practical catalysis. 
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Figure A2.1. FTIR spectrum of acidified Re-MPA complex (in solid KBr). 
The absence of S-H stretch (2563 cm-1) and the presence of carboxylic acid 
peaks (1419, 1700 and 3206 cm-1) suggested the Re-MPA complex adopts a 
structure with the thiolate group coordinates to the metal center while 
exposing the carboxylic acid group, which renders the complex high solubility 
in aqueous environment.  
 
Figure A2.2. HRTEM image of graphite-coated Re nanoparticles showing 
interplanar spacings of 2.10 and 3.35 Å, corresponding to the (101) plane of 





Figure A2.3. TEM images of (a) graphite-coated Ru nanoparticle and (b) 
graphite-coated Os nanoparticle, synthesized via pulsed-laser decomposition 
of Ru3(CO)12 and Os3(CO)12 in the presence of PPh3 respectively. 
 
Figure A2.4. EDS spectra of (a) graphite-coated Ru nanoparticles and (b) 





Figure A3.1. Comparison of XRD patterns between ReO3 nanocubes and 
ReO3 nanoparticles. Peaks broadening observed confirms the smaller size of 





Figure A4.1. Sample 1H NMR (300MHz) spectrum indicating product of 
oxidative coupling of 1-butanethiol in the (a) presence and (b) absence of 
PVP-capped Ru nanoparticles for 6h. The triplet triplet (δ (CDCl3): 2.69 ppm) 
and quartet (δ (CDCl3): 2.53 ppm) showed in (a) represents dibutyl disulfide 
formed and remaining 1-butanethiol precursor respectively; whereas the 





Figure A4.2 Sample 1H NMR (300MHz) spectrum indicating product of 
hydrolysis of triethylsilane in the (a) presence and (b) absence of PVP-capped 
Ru nanoparticles. The integration and chemical shift of the NMR signals 





Figure A5.1. EDS spectrum of [Ru2(MPA)4(CO)4]n-capped Ag nanoparticles 
showing the presence of ruthenium on the silver surfaces. 
 
Figure A5.2. Histogram showing size distribution of [Ru2(MPA)4(CO)4]n-




Figure A5.3. Sample NMR (300MHz) spectrum of Markovnikov and anti-
Markovnikov catalytic products for hydrocarboxylation of phenylacetylene 
using 3 mg [Ru2(MPA)4(CO)4]n-capped nanocubes: (a) Acetic acid, (b) phenyl 




Table A5.1. 1H NMR chemical shift δ of the products from 
hydrocarboxylation of phenylacetylene catalyzed using [Ru2(MPA)4(CO)4]n-
capped Ag nanocubes. 
Acid Product Chemical shift of alkene H, δ (ppm) 
Acetic acid α-styryl acetate Geminal: 5.47 (d, 1H, 2J = 2.3Hz), 5.01 
(d, 1H, 2J = 2.1Hz) 
β-styryl acetate E-isomer: 7.85 (d, 1H, 3Jtrans = 12.6Hz), 
6.40 (d, 1H, 2Jtrans = 12.8Hz) 
Z-isomer: 7.57 (d, 1H, 3Jcis = 7.2Hz), 
5.70 (d, 1H, 2Jcis = 7.4Hz) 
Benzoic acid α-styryl benzoate Geminal: 5.57 (d, 1H, 2J = 2.5Hz), 5.15 
(d, 1H, 2J = 2.5Hz) 
β-styryl benzoate E-isomer: 8.09 (d, 1H, 3Jtrans = 12.5Hz), 
6.56 (d, 1H, 2Jtrans = 12.5Hz) 
Z-isomer: 7.64 (d, 1H, 3Jcis = 7.5Hz), 





Figure A5.4. Powder XRD patterns of [Ru2(MPA)4(CO)4]n-capped Ag 
nanoparticles after catalysis confirmed that the Ag nanoparticles maintained 
identity of cubic Ag with space group Fm-3m (225) (JCPDF #00-001-1164),  
showing Ag (200), (111) and (020) planes. 
 
